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The behavior of pure quartz, pure cassiterite and 
mixtures of the two in the oil-phase system has been studied. 
Such parameters as pH, surfactant concentration, surfactant 
type, rpm, percent solids, feed grade, and oii-aqueous 
contact time were investigated, along with the effects of 
recirculating loads and various retreatment stages.
A good separation of cassiterite from quartz was 
achieved with high cassiterite recovery using sodium dodecyl- 
sulfate, sodium dodecylsulfonate, or p-tolylphosphonic acid 
at low concentrations. Scavenger and multiple cleaning 
stages were shown to be effective in increasing recovery and 
improving concentrate grade.
A limited investigation of a Bolivian tin ore shows 
a trend similar to that observed with the pure system, with 
respect to multiple stages of cleaning of rougher and sca­
venger concentrates.
Emulsion stability is found to be important in deter­
mining cassiterite recovery and concentrate grade and a cor­
relation is made between emulsion stability and the surface 
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The term slimes will have a different meaning from 
one operator to another and, therefore, a universal descrip­
tion is not possible. A definition that may be generally 
acceptable is, "The fraction of an ore that is too fine to 
be commercially exploited by the processes developed for 
coarser size fractions.”1
Slimes in a feed to a milling operation generally 
have deleterious effects on the efficiency of that operation. 
As such, desliming of feeds prior to concentration is common 
practice. In the case of cassiterite, which is a very 
friable mineral, and as such will be represented in higher 
proportions in the finer size fractions, desliming can 
represent a considerable economic loss. The untreatable 
slimes, usually high in tin content, go to the tailings dump; 
i.e., in Bolivia thousands of tons of slimes with a rela­
tively high tin content have accumulated in the tailings 
dumps over the years. At present, these dumps may be 




In the past few years, froth flotation has been 
incorporated into the general flowsheet of a few operations 
beneficiating tin ores, and has been fairly effective in 
the recovery of liberated cassiterite particles, deslimed 
from gravity concentration operations, at sizes greater 
than 10 microns. Particles less than 10 microns are gener­
ally lost to the tailings. Rate studies of conventional 
froth flotation processes have revealed that the flotation 
rate of very fine particles is much slower than the coarser
particles. Theories accounting for this have been proposed
2 ^by Arbiter and Harris , and Meloy.-' It has also been shown
kby Derjaguin and Duhkin that, due to electrostatic, hydro- 
dynamic and Van der Waal's force components, an energy 
barrier exists in the region of the air-water interface. As 
such, it is possible that fine hydrophobic particles may 
never make contact with a bubble.
Collins and Read^ have reviewed various processes 
that have been developed or are being developed for the 
treatment of very fine slimes material. They mentioned 
selective flocculation, electrostatic separation, and oil- 
phase extraction as possible procedures for the selective 
recovery of cassiterite from slimes composed of a quartz 
gangue. It is thought that some problems inherent with the 
froth flotation of slimes may be obviated in an oil-phase 
extraction system by the generation of a large oil-aqueous 
interfacial area and a possible reduction in the energy 
barrier at the oil-water interface.
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Theory of Oil-Phase Separations
The use of oil to achieve a mineral separation is
not a new development. Patents for oil flotation processes
*5678date back to 1860.-" t f t The process involves concentrating 
one of the mineral species of a mixture in the oil phase or 
at the oil-water interface. The phase or interface at which 
a species concentrates depends upon the relative interfacial 
energies, as described below by the Young-Dupre equation.







* The interfacial tension at the solid-oil 
interface.
Ys/w = The interfacial tension at the solid-aqueous 
interface.
Yw/o “ interfacial tension of the oil-aqueous
interface.
0 = The contact angle through the aqueous phase.
The following observations have been made by 
gReinders.7
(a) If Vo > Vo + Ys/w* "tlien spiid will remain 
dispersed in the aqueous phase.
(b) If Ys/W > Yw/0 + Ys/0* the solid will remain dispersed 
in the organic phase.
(c) If Y0/w > Ys/0•+ YW/Q» or if none of the three inter-
T-1862
facial tensions is greater than the sum of the other 
two, the solid particles will concentrate at, the oil- 
water interface.
Essentially all minerals are- naturally hydrophilic. 
Therefore, it would be expected that the fine solids would 
remain dispersed in the aqueous phase when no surfactant is 
present. However, with proper additions of surfactant it 
is possible to modify interfacial tensions and the hydro- 
phobicity of the solid particle and, thereby, the contact 
angle. If the interfacial tensions and the hydrophobicity 
of the solid are such that it collects at the oil-water 
interface, the following conclusions with respect to the 
Young-Dupre equation can be made.
(1) If Ys/W < Ys/0» then cos 0 is positive and < 90°. The 
solid will be more wetted by the aqueous phase and, 
therefore, the major portion of the solid will be in 
the aqueous phase.
(2) If Ys/0 < Vs/W > then cos 0 will be negative and > 90°. 
This will result in the solid being wetted by the 
organic phase and the major portion of the solid will 
remain in the organic phase.
(3) If Ys/0 - Ys/W » then cos 0 = 0  and 0 = 90°. The solid 
will, therefore, be equally wetted by both the aqueous 
and organic phases.
A verification of these observations was made by 
Shulman and Leja*^ while working with a BaSO^-water-oil 
system. They found that a stable emulsion is formed when
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the contact angle is close to 90°. If the particles are 
almost completely wetted by the oil phase, they will become 
dispersed in that phase. Whereas, if the particles are 
almost completely wetted by the aqueous phase, they will be 
dispersed in that phase. In both cases no stable emulsion 
would be formed.
Hydrophobic and Coulombic Interactions 
It appears that hydrophobic and coulombic inter­
actions between solid particles and oil droplets play an 
important part in emulsion stability and ultimately in the 
recovery of solids within the emulsion, The hydrophobicity 
of the solid surface is controlled by the hydrocarbon chain 
length of the surfactant and the amount of surfactant 
adsorbed. In turn, surfactant adsorption is controlled by 
three forces.
(1) Electrostatic interaction between the polar group of 
the surfactant and the solid surface. For oxide min­
erals it is found that H+ and OH" are potential deter­
mining ions. As such, pH becomes a factor in deter­
mining surface potential and charge. The larger the 
surface charge, the greater will be the attraction for 
an oppositely charged surfactant ion.
(2) Chemical bond formation between the polar group of 
the surfactant and the mineral lattice. Chemical bond 
formation may result in a significant amount of 
adsorption even at the zero point of charge, as well as 
when the surfactant and solid surface have the same charge.
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(3) Van der Waal's attractive forces between hydrocarbon 
chains of the surfactant adsorbed at the mineral 
surface will provide an additional force for further 
adsorption at the surface. The effect of Van der 
Waal's forces may have the effect of reversing the 
sign of the zeta potential.
Coulombic interactions between cassiterite particles 
and oil droplets are controlled by the pH of the aqueous 
solution and by surface active agents. The pH has been 
found to be potential determining for the cassiterite and 
also determines the zeta potential of the oil droplets in 
an aqueous medium. Addition of surface active agents at a 
given pH will work to modify either or both the solid zeta 
potential and the oil-aqueous interfacial potential.
A Review of Past Work in Liquid-Liquid Extraction
Several investigators have approached the problem 
of slimes recovery by investigating the possibilities of 
liquid-liquid extraction. In an oil-water system a large 
oil-aqueous surface area can be generated where the oil 
becomes finely dispersed within the aqueous phase. This is 
of advantage when dealing with ultra-fine particles.
A successful industrial application of an emulsion 
flotation process based on the oil-aqueous distribution 
phenomenon of fine particles is a process used for concen­
trating manganese ores.^ Patents for oil flotation pro­
cesses extend back to that of Haynes-* in I860. All of
T-1862 „  ARTHUR LABES LIBRARY 7
^ ? ^ ADO SCHOOL oi MINES 
GOLDEN. COLORADO 80401 ‘
these processes are directly related to the stabilization
of emulsions with finely divided solids.
12Pickering was the first to show that solid powders
1*5could stabilize oil-water dispersions. Hildebrand ■'suggested 
that the reason why fine powders are emulsifying agents is 
that the powder particles are partially wettable by both 
oil and water. He also suggested that the oil phase would 
be the continuous phase of the emulsion if the powder is 
more wettable by oil and vice versa. Shulman and Leja^ 
lend strong evidence in favor of this theory.
IkLai and Fuerstenau have studied the extraction of 
-l|i average diameter alumina particles in a liquid-liquid 
extraction system. They investigated the effects of alkyl 
sulfonates of different chain lengths, sulfonate adsorption, 
pH and oil-water volume ratios on the solid-oil contact angle 
and on the recovery of alumina at the oil-water interface.
Shergold and Mellgren^,̂ ,'*','; have studied the 
isooctane-water-quartz system and the isooctane-water- 
hematite system in an attempt to explain the phenomenon 
involving the association of finely divided solids at an 
oil-water interface. The effects of both sodium dodecyl­
sulfate and dodecylamine were studied in. the isooctane- 
water-hematite system while only the cationic collector 
dodecylamine was studied in the case of the isooctane-water- 
quartz system. In all cases they found a good correlation 
between the related properties of interfacial tension, work 
of adhesion, adsorption density and contact angle. They
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concluded that maximum recovery of the quartz or hematite at 
the isooctane water interface is obtained when the adsorption 
density, contact angle and work of adhesion are such that the
zeta potential is zero.
18Mills has investigated the extraction behavior of 
individual size fractions of pure cassiterite in the range 
between 37M- and 6|i in an oii-aqueous system. After esta­
blishing the possibility of extracting pure cassiterite at 
the oil-aqueous interface, Mills went on to determine a 
possible mechanism for the extraction process as well as 
the effects of various process variables on cassiterite 
recovery. Such variables as surfactant type, surfactant 
concentration, cassiterite particle size, organic-aqueous 
contact time, pulp density, and organic phase fraction were 
studied.
Mills found that the initial surfactant concentration 
required for maximum recovery is a function of particle size 
and that at surfactant concentrations removed from those 
required for maximum recovery, recovery is dependent upon 
particle size, being greater for the finer size fractions.
It was observed by Mills that curves plotted for the 
recovery of cassiterite as a function of the initial surfac­
tant concentration can be divided into three zones. Zone I 
behavior at low surfactant concentrations shows an increase 
in recovery with increasing concentration due to an increas­
ing electrostatic force of attraction between particles and
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organic droplets. In Zone II it is observed that recovery 
falls with increasing concentration to a minimum correspond­
ing to the zero point of charge. This is attributed by 
Mills to a reduction in the electrostatic force of attraction 
between particles and droplets. Mills found that at surfac­
tant concentrations above the zero point of charge, in the 
case of dedecylsulfate, the recovery continues to fall, 
whereas with dodecylsulfonate, the recovery remains fairly 
constant. This region above the zero point of charge is 
designated Zone III.
Mills has also determined that for his system, 
recovery is independent of an organic-aqueous contact time 
in excess of 5 minutes and that recovery is dependent upon 
the solids pulp density.
Yap"^ has done extensive adsorption and electro- 
kinetic measurements in the cassiterite-aqueous surfactant 
systems as well as oil-phase extraction studies of pure 
cassiterite sized at -5n +lp. •
From her studies, Yap has concluded that the zeta- 
potential of cassiterite in the presence of organic electro­
lytes is greatly affected by the solid concentration and the 
surface area of the particles. From this, Yap is unable to 
correlate the zeta-potential, which is determined for dilute 
suspensions, to the adsorption density and extraction results 
where Ifo solid is used. Her adsorption density data indicate 
that the adsorption of dodecylsulfate, dodecylsulfonate, and 
p-tolylphosphonic acid on cassiterite is due mainly to
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coulombic attractions of negative organic ions with the 
positive surface.
Oil-phase extraction studies on -54 +l|i cassiterite 
show that 100$ extraction into isooctane can be obtained 
using sodium dodecylsulfate or sodium dodecylsulfonate. Yap 
has observed two conditions where maximum recovery can be 
achieved:
1. Low hydrophobicity and fine oil droplets. This condi­
tion is achieved when the pH is near the zero point of
charge of the cassiterite and the surfactant concentra-
-6 -4tion is in the range of 3 x 10 to 10 M.
2* High hydrophobicity (contact angle near or slightly
greater than 90°)• This condition exists when the
concentration of surfactant is high and the pH is low*
-4Thus, maximum recovery is observed at pH 3 with 10 M
-4dodecylsulfate or 3 x 10 M dodecylsulfonate.
Yap's work with p-tolyphosphonic acid indicates that 
100$ recovery cannot be achieved under the conditions 
studied, though recovery can be increased by addition of a 
very small amount of dodecylsulfate.
Yap has found that the recovery curves always display 
a minimum. The minimum occurs when the hydrophobicity of the 
particles is low and the droplets are unstable. The size or 
the stability of the oil droplets is a complex function of 
many variables of which Yap has found the hydrophobicity of 
the particles to play an important role. She has observed 
that highly hydrophobic particles decrease the stability of
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the oil droplets.
20Zambrana, in association with others, investigated 
the possibility of applying liquid-liquid extraction to -lOp, 
cassiterite from a Bolivian ore. The ore assayed between
1.5# and 1.6# tin and was associated with a highly siliceous 
gangue. Using kerosene as the oil phase and tap water, it 
was found that 75# of the tin could be recovered in a concen­
trate assaying 11# tin.
In order to further understand the interaction that
takes place in an oil-water emulsion stabilized by fine
21solids, Mackenzie has investigated the electrokinetic
properties of finely divided nujol droplets dispersed in an
aqueous phase. His studies have included the effect of
different collectors on the electrokinetic properties of
22these nujol droplets. In a succeeding paper, Mackenzie 
relates the interaction between oil drops and mineral 
surfaces and proposes a physical model of adhesion.
Scope and Purpose of Experimental Work
A considerable amount of work has been done regarding 
the fundamentals of extracting a single pure mineral into or 
at the oil phase. It is the purpose of this investigation 
to determine in what manner cassiterite can be extracted 
from a synthetic binary mixture of pure cassiterite and pure 
quartz. This work includes initial studies of the extraction 
of pure quartz at the oil phase, followed by extraction 
studies of -5|i cassiterite. Mixtures of pure quartz and
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pure cassiterite are then studied with an emphasis on grade 
and recovery. Different flowsheets incorporating stages of 
roughing, cleaning, scavenging, and recleaning, as well as 
the effects of recirculating loads, are investigated in 
order to obtain optimum grade and recovery.
ARTHUR LAKES LIBRARY 
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II. REAGENTS. EQUIPMENT AND EXPERIMENTAL PROCEDURES
In this section a list of the reagents and equipment, 
and a description of the experimental procedures used through­
out this investigation are presented.
Reagents
Cassiterite:
Highly pure.crystal chips were purchased from 
Minerals Unlimited, Ridgecrest, California. 
Chemical analysis of a representative sample 
of these crystal chips, as received, showed 
them to he *98# cassiterite. A semi-quanti­
tative emission spectrographic analysis, prior 
to heavy medium separation of silicious contam­
inants and the leaching of acid soluble impur­
ities, showed the presence of the elements and 
minerals listed in Table 1.
Quartz:




Table 1. Elements Present in Cassiterite Sample.
(Values are reported in parts per million 
































Aldrich Chemical Company, Inc., 90$ +•
Sodium Dodecylsulfonate:
Aldrich Chemical Company, Inc., 99$ +•
P-tolylphosphonic Acid:
19As synthesized by Yap ? according to the method 
described by Kosolapoff and Huser; J melting 
point 185°C - 188°C.
Isooctane:








G.P. Smith Chemical Company, reagent grade.
Ammonium Iodide:
Merck and Company, N.F.
Ferrous Chloride (FeClg*6H20):
"Baker Analyzed," reagent grade.
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Water:
Filtered, distilled, deionized and redistilled.
Equipment








Zeta Meter Inc., New York.
Extraction Apparatus:
1LDesign adopted from Lai and Fuerstenau and
18assembled by Mills. One of two identical 
assemblies is shown in Figure 1.
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m otor  con tro l le r
e le c t r ic  motor
a lu m in iu m  adaptor  
Tygon coupling
glass im p e l le r  s h a f t
glass support ing sleeve
jo in t
r u b b e r  bung
g la s s ” Y” piece
jo in t
250cm3 glass separat  ing
funnel
glass im p e l le r




The quartz used throughout this investigation was 
prepared from several large pieces of rock crystal purchased 
from Ward's Scientific Establishment. The crystals so 
obtained were scrubbed and rinsed in order to remove any 
superficial dirt and contaminants and crushed to -48 mesh 
tyler. The quartz was then leached with hot reagent grade 
hydrochloric acid under reflux. The leach liquor was de­
canted and fresh acid added at three hour intervals until 
there was no apparent discoloration of the leach liquor due 
to dissolved sulfide and iron impurities. After leaching 
of the soluble impurities was complete, the quartz was 
washed repeatedly with singly distilled water followed by 
repeated washing with doubly distilled water until the 
electrical conductivity of the wash water became equivalent 
to that of the distilled water.
The leached quartz was ground with a Fisher Automatic 
Mortar and Pestle and was wet screened at 400 mesh Tyler.
The oversize was retained and subjected to further grinding.
Size fractions less than 37 microns were obtained by beaker
24decantation according to a procedure outlined by Pryor.
As no surface active agents could be employed, the pulp was 
mechanically dispersed in an ultrasonic bath prior to sizing. 
The size fractions chosen for study were -13^ +7M- and -7|i.
It was thought that quartz particles, of these size fractions
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would most likely accompany -5n cassiterite particles 
during a desliming operation.
The sized quartz particles were washed repeatedly 
with doubly distilled water, dried and stored in a stoppered 
flask.
Cassiterite Preparation
The cassiterite used throughout this investigation 
was prepared from highly pure cassiterite crystals from 
Bolivia. These crystals were carefully ground with a hand 
mortar and pestle to -48 mesh Tyler. The cassiterite was 
screened frequently during grinding to eliminate the 
excessive production of very fine particles. A representa­
tive sample was taken from the -48 mesh cassiterite for 
chemical and semi-quantitative spectrographic analysis.
The remaining material was sized on 48 mesh, 65 mesh, 100 mesh, 
150 mesh and 200 mesh standard Tyler series screens. Each of 
the resulting size fractions was subjected to heavy medium 
separation in tetrabromoethane to remove any siliceous 
material present as contaminants.
The sink products from heavy medium separation were 
washed repeatedly with methanol followed by washings with 
singly distilled water. The cassiterite was subsequently 
leached with hot reagent grade hydrochloric acid under reflux. 
At three hour intervals the leach liquor was decanted and 
fresh acid was added. This was repeated until no further 
discoloration of the leach liquor due to soluble impurities 




with singly distilled water followed by repeated washings 
with doubly distilled water until the electrical conductiv­
ity of the wash water was that of the distilled water.
The ieached cassiterite was then ground on a Fisher 
Automatic Mortar and Pestle• The ground material was wet 
screened at **00 mesh, tyler. The oversize was returned for 
.further grinding and the -400 mesh cassiterite was sized by 
beaker decantation. An ultrasonic bath was used to promote 
dispersion prior to sizing. All size fractions greater than 
5{i were reground. The resulting size fractions, -5M> +l*t and 
-lfi, were washed repeatedly with doubly distilled water. The 
washed cassiterite was dried and stored in a stoppered jar.
Oil-Phase Extraction Procedure
The apparatus shown in Figure 1 was used for all 
extraction studies. Each extraction was*carried out in 80 ml 
of doubly distilled water at a standard ionic concentration 
of 10“%  NaClO^. The isooctane volume was kept at 20# of 
the total liquid volume to prevent phase inversion from oil- 
in-water (o/w) to water-in-oil (w/o). A theoretical analysis 
of the close packing of ideal uniform spheres indicates that 
the minimum oil volume in a water-in-oil emulsion is 26# of 
the total.
The Pulp
Throughout most of the investigation, a pulp density 
of 1# solids was used (1 gram of solids in 100 ml of liquid). 
Studies as a function of pulp density and at 5# solids were 
also made.
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The appropriate volume of water for a test was 
adjusted to the desired pH using either .01M NaOH or 
•01M HCIO^. The water was added to a 250 cc separatory 
funnel and, depending upon the system under investigation, 
quartz, cassiterite or a mixture of the two was added. The 
pulp was sonicated in an ultrasonic bath to promote as much 
disperson of the finely divided particles as possible and 
then conditioned at 2500 rpm for 10 minutes in the apparatus 
shown in Figure 1.
It should be noted that the feed for studies of the 
cassiterite-quartz system was prepared at a grade of 10$ 
cassiterite unless stated otherwise.
The Surfactant
Three surfactants were studied: sodium dodecylsulfate,
sodium dodecylsulfonate and p-tolylphosphonic acid. The sur­
factant was prepared fresh each day.
After the initial pH conditioning, the impeller was 
stopped and the funnel lowered and an appropriate amount of 
surfactant was pipetted to provide an aqueous volume of 80 ml 
at the required initial surfactant concentration. The pulp 
was conditioned with surfactant for an additional 20 minutes.
The Oil
After the pulp had been conditioned with surfactant,
20 ml of isooctane was injected into the agitating system 
through the side arm of the glass "Y" piece in Figure 1. A 
syringe equipped with a needle bent at 120° was used to
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inject the isooctane. Unless otherwise stated, an oil- 
aqueous contact time of 15 minutes was adhered to.
Phase Separation
After the 15 minute contact time, the stirring was 
stopped and the two phases were allowed to separate for one 
minute. Both phases were drained into preweighed beakers.
The equilibrium pH of the drained aqueous phase was recorded. 
The separatory funnel was washed with methanol into the 
beaker containing the oil phase. The beakers were brought 
to dryness under infrared heat lamps. After all the liquid 
had been evaporated from the beakers they were allowed to 
cool and the final weights were recorded.
Oil Emulsion Cleaning Procedure
During studies of the cassiterite-quartz system, 
it was found that high recoveries of cassiterite could be 
obtained after the initial extraction. However, the grade 
of the concentrate varied between 20# and 30# cassiterite.
An upgrading of this initial concentrate, which will be 
referred to as the rougher concentrate, was achieved by 
incorporating a cleaning stage.
After the aqueous phase had been drained from the 
separatory funnel, 75 nil of water adjusted to the appropriate 
pH was added, No additional surfactant was added to the 
system. The pulp was agitated at 2500 rpm for 5 minutes. 
After the 5 minute agitation period, the two phases were 
allowed to separate for one minute and the aqueous phase
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(cleaner tailing) and the oil emulsion (cleaner concentrate) 
were drained from the separatory funnel. Figure 2 shows the 
rougher-cleaner flowsheet.
Locked Cycle Extraction Procedures
In order to investigate the effect of recirculating 
loads on the recovery and grade of the concentrate, a series 
of locked cycle tests were performed. Pulp densities of 1% 
solids and 5# solids were studied. Because the recovery of 
cassiterite was different at each of these two pulp densities, 
a different locked cycle flowsheet was used for a pulp of 1% 
solids and a pulp of 5% solids.
Locked cycle test at 1% solidsi Significant losses 
of cassiterite into the cleaner tailing were observed when 
working at an initial pulp density of 1% solids and at a pH 
of 5*6. Therefore, the flowsheet as shown in Figure 3 was 
used with recirculation of the cleaner tailing to the 
rougher.
Roughing and cleaning stages were performed as pre­
viously described. The cleaner tailing was drained into a 
graduated cylinder and made up to a volume of 80 ml with 
water. The cleaner concentrate was drained into a Buchner 
funnel and onto a pre-weighed filter paper. The oil and 
water contained in the emulsion was filtered through into a 
graduated test tube. The oil phase was pipetted from the 
aqueous phase and made up to volume with fresh isooctane.



































Figure 3« Flowsheet for locked cycle test at 1% solids.
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final weight was recorded. The cleaner.tailing was recir­
culated to the rougher, where one gram of new feed was 
added. The pulp was then conditioned for 10 minutes at 
2500 rpm. After the 10 minute conditioning, agitation was 
stopped and an appropriate amount of surfactant was added 
to give a concentration of 2 x 10“̂  M sodium dodecylsulfate. 
After the standard surfactant conditioning time, the recir­
culated oil was injected into the system. The aqueous phase 
from the rougher, which was the final tailing, was checked 
for pH.
Locked cycle test at 5$ solids: When a pulp density
of 5$ solids was conditioned at a pH of 5*6, only 80$ of the 
cassiterite was recovered. It was thought that the remain­
ing cassiterite could be recovered by retreating the 
rougher tailing in what will be referred to as a scavenger 
stage. The flowsheet for this test is shown in Figure 
The roughing stage was performed in the standard manner with 
a pulp agitated at 2500 rpm at a surfactant concentration 
of 2 x 10”6 M sodium dodecylsulfate. The rougher concentrate 
went to a cleaning stage similar to that for 1$ solids, 
except the cleaner tailing was not recycled. The rougher 
tailing was drained into a second separatory funnel. No 
surfactant was added. The isooctane from the cleaner concen­
trate plus a make-up volume of fresh isooctane was cycled to 
the scavenger and the pulp was agitated for 5 minutes at 
2500 rpm. After a 5 minute contact time, the two phases 

















Figure Flowsheet for locked cycle test at 5% solids.
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tailing and was checked for pH. The scavenger concentrate 
was recycled to the rougher and was added at the point where 
fresh oil would normally be added, following surfactant 
conditioning of the pulp.
It should be noted that the cleaner tailing was not 
recycled in this circuit because tests had indicated little 
cassiterite was lost into the cleaner tailing at an initial 
pulp density of 5% solids.
Procedure for Roughing. Cleaning and Open Circuit Retreat­
ment at 1% Solids
Recirculating loads in the locked cycle test had 
deleterious effects on the*recovery and grade of cassiterite 
in the concentrate. An alternative to recirculating the 
cleaner tailing to the rougher was to send it to a retreat­
ment stage. The flowsheet for this circuit is shown in 
Figure 5* The cleaner tailing was drained into a second 
separatory funnel and was made up to volume at a concentra­
tion of 2 x 10“6 M sodium dodecylsulfate. The pulp with 
surfactant was allowed to condition for 20 minutes. After 
the surfactant conditioning time, 20 ml of isooctane was 
injected and contacted with the aqueous phase for 15 minutes. 



















Figure 5* Rougher, cleaner and retreatment circuit at 1:% solids •
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Procedure for Repeated Cleaning of Rougher and Scavenger 
Concentrates at 5# solids
Since very little cassiterite was lost into the 
cleaner tailing at a pulp density of 5# solids and recircu­
lating loads had a deleterious effect on the overall grade 
and recovery of the concentrate, a test incorporating an 
open circuit flowsheet and repeated stages of cleaning was 
performed. The flowsheet for this test is shown in Figure 6 
The roughing, scavenging and cleaning states were carried 
put as described previously. Cleaning of the rougher and 
scavenger concentrates was repeated at each stage by the 
addition of 75 ml of water without any additional surfactant 
Rougher and scavenger contact times werp 20 minutes each, 
while the contact time for each cleaning stage was 5 minutes
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Figure 6. Flowsheet for repeated cleaning of rougher and 
scavenger concentrates at 5# solids.
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Summary of Standard Extraction Conditions
Unless otherwise stated, the following conditions
were adhered to throughout all extraction studies
Pulp density: 1$ solids
Feed grade: 10$ cassiterite
Aqueous phase: 80 ml
Oil phase: 20 ml
Impeller speed: 2500 rpm
Inorganic ion: 10'3M NaClO^
Surfactant: 2 x 10“6M
pH conditioning: 10 minutes
Surfactant c ondit ioning: 20 minutes
Rougher contact time: 15 minutes
Scavenger contact time: 15 minutes




Zeta potential measurements as a function of pH 
were made for -7p. quartz in a suspension of 10 mg of quartz 
in 45 ml of water.
Ten milligrams of quartz was weighed.into a 50 ml 
erlenmeyer flask and 1 ml of water was added. The suspension 
was then dispersed for 1 minute in an ultrasonic bath and 
then made up to volume by the addition of .44 ml of water of 
known organic or inorganic electrolyte concentration. The 
suspension was again dispersed for 1 minute in an ultrasonic 
bath. The pH was adjusted by the addition of either .01 M 
NaOH or .01 M HCIO^. The suspension was then conditioned 
for 20 minutes in a water bath at 25°C.'+ .5°C. During 
conditioning, the suspension was kept agitated by use of a 
teflon coated stirring bar and a magnetic stirrer. After
the 20 minute conditioning time the electrophoretic mobility
of the quartz was measured with a zeta meter.
Conditions of study included an aqueous concentration
—3 —6of 10~^ M NaClO^, an aqueous concentration of 2 x 10" M
sodium dodecylsulfate in 10"^ M NaClO^ and 2 x 10”^ M sodium
dodecylsulfate in 10"^ M NaClO^.
Cassiterite
Zeta potential measurements were made for cassiterite
and good agreement was found between the cassiterite under
18study and the cassiterite used by Yap with respect to zero
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point of charge. Both samples had been prepared in an 
identical manner. It is felt that portions of Yap's data 
may be used to offer possible explanations of results 
obtained in this investigation.
Isooctane Oil Droplets
The zeta potential of finely divided isooctane oil 
droplets dispersed in an aqueous phase was measured as a 
function of pH at an aqueous concentration of 10 J M NaClO^,
2 x 10“6 M sodium dodecylsulfate in 10”^ M NaClO^, and 
7*5 • 10”6 M p-tolylphosphonic acid in 10“^ M NaClO^.
A volume of doubly distilled water was adjusted to 
the desired pH and made up to the appropriate surfactant 
concentration. One milliliter of isooctane was added and 
dispersed in the aqueous phase during a 10 minute oil-aqueous 
contact time on the apparatus shown in Figure 1. After 10 
minutes the stirring was stopped and the dispersion was 
allowed to age for 20 minutes. The pH and temperature were 
then recorded and the electrophoretic mobility of the oil 
droplets was determined with a zeta meter. A final pH and 
temperature were recorded and averaged with the initial 
measurements•
A temperature control bath was not used for this 
study, resulting in temperature variations between 20.5°C 
and 22°C. A temperature correction factor was used to bring 
all measurements to standard conditions with reference to 
25°C.
T-1862 35
Chemical Analysis for Tin
The method used for the chemical analysis of tin was 
developed by J. D. Mensik and H. J. Seideman2^ at the Colorado 
School of Mines Research Institute. This method is based on 
the gaseous attack on common tin minerals when they are 
heated with ammonium iodide. The solubilized tin can ulti­
mately be analyzed on an atomic adsorption spectrophotometer.
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III. EXPERIMENTAL RESULTS
In this section the results of oil-phase extraction 
studies on pure quartz, pure cassiterite and mixtures of 
the two are presented, as well as findings from a prelim­
inary investigation of a Bolivian tin ore. Such parameters 
as pH, surfactant type, surfactant concentration, rpm, 
percent solids and oil-aqueous contact time have been 
investigated. The results of electrokinetic measurements 
on -7n quartz and isooctane droplets, dispersed in an 
aqueous phase, are also presented.
Oil-Phase Extraction of Quartz
Siliceous material represents a large proportion of 
the gangue minerals in some tin ores. Therefore, the 
behavior of fine size fractions of quartz in an oil extrac­
tion system were investigated.
Quartz Extraction vs. pH - No Surfactant
The recovery of -13m> +7n quartz at the oil-water 
interface as a function of pH without a surfactant is shown
36
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in Figure 7. Between pH 2 and pH 3> the recovery decreases 
slightly from 7# to As the pH is increased above k .3
to 6.5f the recovery increases from 5# to 13#* The low 
recoveries appear to be a consequence of a very unstable 
emulsion.
Quartz Extraction vs. pH - With Surfactant
19It was anticipated from work done by Yap 7 that high 
recoveries of cassiterite could be obtained by the use of 
sodium dodecylsulfate or sodium dodecylsulfonate at the 
low concentration of 2 x 10"^ M. Therefore, the effect of 
pH on the recovery of quartz at this surfactant concentration 
was investigated for both sodium dodecylsulfate and sodium 
dodecylsulfonate. Some observers have found p-tolylphos- 
phonic acid to be a very selective surfactant for cassi­
terite. In order to determine its effect on quartz, tests 
using 7.5 x 10"6 M p-tolylphosphonic acid were run with both 
the -7(i and -13(1 +7H quartz.
Figure 8 shows the recoveries of -13|i +7|i and -7n 
quartz with p-tolylphosphonic acid. It is evident that very 
low recoveries are obtained throughout the pH range studied.
A comparison of these results with those shown in Figure 7 
show a trend similar to that observed when no surfactant is 
used. Between pH 2 and a pH around 3*5i the recovery 
decreases slightly from 7# to 3#» and as the pH is increased 
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Figure 8. Recovery of -13p. +7m> quartz as a function of pH with 7*5 x lO-o M p-tolylphosphonic acid.
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The recovery of -7n quartz with 2 x 10~^ M sodium 
dodecylsulfate is shown in Figure 9. As the pH is increased 
above 2 to a pH of k , the recovery of quartz increases to a 
maximum of 21#. At pH values greater than k , the recovery 
decreases. It has been noted during these extracton tests 
that at pH values less than 2 and at pH values greater than 
7 the emulsion is very unstable, whereas within a pH range 
between 2 and 7 the emulsion is conferred with varying 
degrees of stability. Maximum stability is observed at 
pH Recovery of -13M- +7M- quartz with 2 x 10”^ M dodecyl­
sulfate is shown in Figure 10. The trend is very similar to 
that of the -7|i quartz in Figure 9.
The recoveries of -7p. and -13U +7M- quartz with 
sodium dodecylsulfonate at a concentration of 2 x 10”^ M 
are shown in Figures 11 and 12, respectively. Though the 
trends are very similar to those observed with sodium dode- 
cylsulfate, it is found that slightly lower maximum quartz 
recoveries are obtained with sodium dodecylsulfonate. Again, 
high recoveries are associated with a stable emulsion in 
the region around pH ^ while low recoveries are associated 
with unstable emulsions.
Note: If the emulsion resulting from the operating para­
meters under investigation was very unstable and rapid 
phase separation took place, often observation of the two 
phases at the time of draining would indicate that no quartz 
was recovered at the oil-aqueous interface. However, due to 
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Figure 12. Recovery of -13p, +7p, quartz vs. pH with 2 
sodium dodecylsulfonate.
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washings as belonging to the oil phase, an apparent quartz 
recovery of as much as 5# may be accounted for in this oil 
phase•
Quartz Extraction as a Function of Surfactant
Concentration
The recovery of -13ff +7m- quartz at the oil-water 
interface was studied as a function of the initial concen­
tration of both sodium dodecylsulfate and sodium dodecylsul­
fonate .
Quartz recoveries at pH 2 and pH 5*6, as a function 
of sodium dodecylsulfate concentration, are shown in Figure 
13* At pH 2 the recovery of quartz remains fairly constant 
at around 10$, throughout the range of surfactant concen­
trations studied. Recovery at pH 5*6 appears to be somewhat 
dependent on surfactant concentration. A 23$ recovery is 
obtained with 5 x 10 ' M sodium dodecylsulfate, which
«kdecreases to 16$ recovery at a concentration of 10 M 
sodium dodecylsulfate. Similar results are obtained when 
sodium dodecylsulfonate is used as the surfactant, as is 
shown in Figure I k .
It has been found that by far the-most important 
factor contributing to emulsion stability in this system 
is the presence of finely divided solids, and it is the 
nature of these solids at the oil-aqueous interface, with 
respect to surface hydrophobicity and electrostatic repulsive 
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Figure 14. Recovery of -13n +7M- quartz as a function of 
sodium dodecylsulfonate concentration.
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Oil-Phase Extraction of Cassiterite
In this section, results obtained during investiga­
tions on pure cassiterite in the oil-phase extraction system 
are presented. The effect of changes in pH, surfactant type, 
surfactant concentration and rpm on the recovery of cassiter­
ite were studied.
Cassiterite Extraction without Surfactant
The recoveries of -5n +1M- and -1 \i cassiterite were 
studied as a function of pH without any surfactant. Standard 
procedures were followed with the exception that the twenty 
minute surfactant conditioning time was eliminated. The 
recovery of -5n +lp> cassiterite is shown in Figure 15. As 
the pH is raised above 2 to a pH around ^ the recovery of 
cassiterite decreases to a minimum of 26$. As the pH is 
increased above k , the recovery of cassiterite increases to 
a maximum of 69% at a pH around 6. Increasing the pH above 
6 results in a decrease in cassiterite recovery. Similar 
results obtained for -Ip. cassiterite are shown in Figure 16, 
where it is seen that the recovery was lower for the acid 
pH range and higher for the basic range.
Cassiterite Extraction with Surfactants
Extensive oil-phase extraction studies of -5M- +1[* 
cassiterite have been made by Yap.^ Close parallels with 
respect to source, preparation, electrophoretic mobility, 
and extraction recoveries exist between the sample used in 
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Figure 15. Recovery of -5m> +1h cassiterite as a function 
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Figure 16. Recovery of -l|i cassiterite as a function of 
pH without surfactant.
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For the sake of comparison, pertinent portions of her results 
are presented.
Cassiterite Extraction vs. Surfactant Concentration. 
The recovery of -5p> +lp> cassiterite with sodium dodecylsul­
fate at a constant pH of 3 is shown in Figure 17* For com-
19paris on, the results obtained by Yap, 7 under identical 
conditions are also shown. It is found that the recovery 
increases slightly as the concentration of sodium dodecyl­
sulfate is increased. However, at concentrations greater 
than 10 M, the extracted cassiterite particles tend to 
agglomerate and fall through the aqueous phase to the 
bottom of the separatory funnel, resulting in a decrease 
in apparent recovery.
Cassiterite Extraction vs. pH. Figures 18 and 19 
show cassiterite recoveries obtained with sodium dodecyl­
sulfate and sodium dodecylsulfonate, as a function of pH.
In both cases the recovery increased as the pH was decreased 
to around 5«5* A maximum recovery of 100$ was obtained 
around the zpc of cassiterite. The recovery decreased and 
then increased slightly as the pH was decreased below pH 5* 
Figure 20 shows cassiterite recovery using p-tolylphosphonic 
acid as the surfactant. The recovery decreased from 90$ at 
pH 2 to a minimum of 57# at pH ,4. As the pH was increased 
above 4, the recovery increased to a maximum of 80$ at 
around the zpc of cassiterite. At pH values above 6, the 
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Figure 17• Recovery of -5M- +lp- cassiterite as a function of
sodium dodecylsulfate concentration in 10“3 M
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18. , Recovery of -5p-+l|i cassiterite with 5 x 10”^ M 
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Figure 19* Recovery of -5M- +1m> cassiterite with 3*1 x 10“^
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Figure 20, Recovery of -5M- +1H cassiterite as a functionof pH with 7*5 x 10*"6 M p-tolylphosphonic acidin 10"3 M NaClO^.19
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observed for recovery of cassiterite with p-tolylphosphonic 
acid are very similar to those seen when cassiterite is 
extracted without a surfactant, Figure 15*
Cassiterite Extraction vs. RPM
A calibration curve for impeller rpm was made for 
each of the two stirrers with the aid of a variable 
frequency strobe light.
The recovery of -5n +1^ cassiterite was determined 
as a function of impeller rpm at a constant pH of 5*6 and 
at a constant surfactant concentration of 2 x 10”^ M sodium 
dodecylsulfate, Figure 21. At an impeller speed of 325 rpm, 
there is considerable segregation of the two phases, result­
ing in a low cassiterite recovery due to insufficient 
contacting of the phases. As the impeller speed is increased 
above 325 rpm, the oil phase becomes increasingly dispersed 
within the aqueous phase and recovery of cassiterite corres­
pondingly increases. At impeller speeds of 1^00 rpm or 
greater, 100# recovery is obtained.
It is thought that the increased recovery between 
325 rpm and 1^00 rpm is due to the formation of finer and 
finer oil droplets dispersed in the aqueous phase, thereby 
increasing the oil-aqueous interfacial area available for 
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Figure 21. Recovery of -5n +1|x cassiterite as a function of
stirrer rpm at pH 5*6 + «1 with 2 x 10“° M sodium
dodecylsulfate.
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Selective Oil-Phase Extraction of Cassiterite in the 
Cassiterite-Quartz System
Selective extraction studies of cassiterite from 
quartz were made and, unless otherwise stated, the feed was 
prepared as a synthethic mixture of pure quartz and pure 
cassiterite at a grade of 10# cassiterite. With respect to 
other parameters, standard procedure was followed.
Cassiterite and Quartz Extraction as a Function of
Contact Time
For optimum selectivity of cassiterite from quartz, 
it is important to know how the extraction of cassiterite 
and quartz from a mixed feed varies with respect to the oil- 
aqueous contact time. Tests were run with pulps conditioned 
at 2500 rpm at pH 2 with 2 x 10“^ M sodium dodecylsulfate. 
The oil-aqueous contact time was varied between 10 seconds 
and 30 minutes, Figure 22. It has been found that 100# 
recovery of cassiterite can be obtained after a 5 minute 
contact time, which remains at 100# as the contact time is 
increased. A maximum quartz recovery of 8# is obtained 
after a 30 second contact time, which fluctuates slightly
between 6# and 8# as the contact time is increased. It is
18significant that Mills reported maximum extraction of 
-17n +12|1 cassiterite with 2 x 10 M sodium dodecylsulfate 
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Selective Extraction of Cassiterite vs. Sodium 
Dodecylsulfate Concentration
The selective extraction of -5m* +lfi cassiterite from 
-13p. +7m* quartz was investigated as a function of sodium 
dodecylsulfate concentration at pH 2 and pH 3* Results 
obtained at pH 2 are shown in Figure 23. The recovery curve 
shows that 100$ of the cassiterite is extracted up to a 
concentration of 2 x 10”-* M dodecylsulfate. At surfactant 
concentrations above 2 x 10”-* M the cassiterite continues 
to be extracted but the recovery falls off due to the 
formation of dense globules containing cassiterite which 
fall through the aqueous phase and settle at the bottom of 
the separatory funnel. The concentrate grade increases from
62$ to 66$ cassiterite as the surfactant concentration is
—7 —6increased from 5 x 10"( M to 5 x 10“ M dodecylsulfate.
Increasing the surfactant concentration above 5 x 10”^ M
to 2 x 10”5 M decreases the grade from 66$ to 62$ cassiterite.
Above 2 x 10”  ̂M dodecylsulfate, grade and recovery become
dependent upon the formation of dense globules.
Figure 2k shows results obtained as a function of
sodium dodecylsulfate concentration at pH 3* Dodecylsulfate
appears to be less effective at pH 3» yielding cassiterite
recoveries between 97f° and 100$ for concentrations between
_7 _ <5 x 10 1 M and 2 x 10 J M. The grade of the concentrate
decreases from 2**$ to 22$ cassiterite as the surfactant
7 6concentration is increased from 5 x 10”' to 2 x 10” M. It 
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Figure 23- Selective extraction of -5(i +la cassiterite
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Figure 2^. Selective extraction of -5|x +lp. cassiterite from
-13n +7M> quartz as a function of sodium dodecyl­sulfate concentration at pH 3»
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concentrations is due to the formation of a stabie emulsion 
which tends to physically entrain a large proportion of 
quartz, resulting in the increases in percent weight recovery 
and quartz recovery. At dodecylsulfate concentrations between 
2 x 10“6 M and 2 x 10”3 M the grade of the concentrate 
increases substantially to around 60# cassiterite. This 
results from the formation of a fairly unstable emulsion 
free of much physically entrained quartz. At concentrations 
above 2 x 10”-* M dodecylsulfate cassiterite continues to be 
extracted, but, again, dense globules containing cassiterite 
are formed which sink to the bottom of the separatory funnel, 
resulting in an apparent decrease in cassiterite recovery.
Selective Extraction of Cassiterite vs. pH
The recovery of cassiterite and the grade of the 
concentrate were studied as a function of pH. Tests were 
run with pulps conditioned with:
(1) 10”3 M NaClO^ and No Surfactant
(2) 10”3 M NaClO^ and 7*5 x 10”^ M p-tolylphosphonic acid
(3) 10”3 M NaClO^ and 2 x 10”^ M sodium dodecylsulfate
(*0 lO”3 M NaClO^ and 2 x 10“  ̂M sodium dodecylsulfonate
No Surfactant. With no surfactant additions, the 
selective extraction of cassiterite follows the general 
trend established previously for the extraction of pure 
cassiterite without surfactant, Figure 25. The recovery of 
cassiterite decreases from 27# to 0# as the pH is increased 
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Figure 25. Selective extraction of -5|i +ln cassiterite






recovery to a maximum of 80#. At pH values above 6*2 the 
recovery of cassiterite decreases. The grade of the concen­
trate roughly parallels the recovery curve. Between pH 2 
and pH 3 the grade decreases from 8# to 0# cassiterite, and 
as the pH is increased above 3 to a pH around 6, the concen­
trate grade increases to 30?° cassiterite. Increasing the 
pH to 9 results in decreasing the concentrate grade to 15# 
cassiterite.
P-tolylohosphonic Acid. Cassiterite recoveries and 
concentrate grades obtained from tests with a pulp of -5m> +1^ 
cassiterite and — 13M- +7^ quartz conditioned with 7*5 x 10"^ M 
p-tolylphosphonic acid are shown in Figure 26. Cassiterite 
recovery remains around 90# while the concentrate grade tends 
to decrease from 60# Cassiterite to 34# cassiterite as the 
pH is increased from 2 to 6.^. As a collector for cassiterite, 
it appears that p-tolylphosphonic acid is not as strong as 
either sodium dodecylsulfate or sodium dodecylsulfonate. 
However, it is possible to obtain a higher grade concentrate 
with p-tolylphosphonic acid than with sodium dodecylsulfate 
or sodium dodecylsulfonate.
Sodium Dodecylsulfate and Sodium Dodecylsulfonate. 
Previous tests have shown that high recoveries of cassiterite 
can be achieved with sodium dodecylsulfate or sodium dodecyl- 
sulfonate, though grades as low as 20# cassiterite are 
obtained after the initial extraction (rougher concentrate).
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Figure 26. Selective extraction of -5m- +1^ cassiterite
from -13|i.t7M quartz as a function of pH with 
7*5 x 10“° M p-tolylphosphonic acid.
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by incorporating a cleaning stage according to a procedure 
previously described.
The results of tests with pulps of -5n +lp> cassiter- 
ite and -7M> quartz conditioned with 2 x 10“^ M sodium dode- 
cylsulfate are shown in Figure 27. The recovery of cassiter- 
ite in the rougher is independent of pH and, remains at 100$ 
throughout the pH range studied. The grade of the rougher 
concentrate decreases from 50% cassiterite at pH 2 to 22$ 
cassiterite at pH 3*2, and gradually increases to 30$ 
cassiterite as the pH is increased to 7» The grade of the 
concentrate is increased considerably with cleaning. At 
pH 2 the cleaner concentrate contains 76$ cassiterite, though 
as the pH is raised to 5*4, the grade of the concentrate 
grade decreases to 64$ cassiterite. Between pH 5*4 and 7 
the cleaner concentrate grade is raised to 80$ cassiterite.
The cleaner distribution curve shows a decrease in cassiterite 
recovery of only 2$ to Jfo between pH 2 and pH 3* However, 
the distribution of cassiterite in the cleaner concentrate 
drops significantly as the pH is raised above 3*2. It has 
been noticed that at pH values above 3*2, at these low percent 
solids, the emulsion is very unstable and it is this insta­
bility that contributes to the low recovery in the cleaner 
concentrate.
The distribution of quartz and the percent weight of 
the rougher and cleaner concentrates are shown in Figure 28.
It can be seen from the curve representing the percent weight 
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Figure 27* Selective extraction of -5n +lfi cassiterite
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Figure 28. Percent weight and quartz distribution in the 
rougher and cleaner concentrates as a function 
of pH with 2 x 10”° M dodecylsulfate.
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cleaner varies between .2$ and .46$ solids. It can also 
be seen that the distribution of quartz in the rougher 
concentrate follows a similar trend to that observed for 
the extraction of pure quartz as a function of pH, Figure 9*
The results of a pulp conditioned with 2 x 10”  ̂M 
sodium dodecylsuifonate are shown in Figures 29 and 30*
The trends observed in these tests are very similar to those 
described for sodium dodecylsulfate.
Selective Cassiterite Recovery and Concentrate Grade
Vs. Impeller RPM
The effect of impeller rpm on the recovery and grade
of cassiterite was studied under conditions that have been
previously shown to offer optimum results. Minus +14
cassiterite and -7H quartz were conditioned at a concentra- 
-6tion of 2 x 10 M sodium dodecylsulfate at pH 2. The 
impeller speed was varied between 700 rpm and 3800 rpm. 
Roughing and cleaning stages for each test were carried out 
at the same rpm.
The results of these tests are shown in Figures 31 
and 32. The distribution of cassiterite in the rougher 
concentrate increases to a maximum of 100$ as the stirrer 
speed is increased to 2500 rpm. Above 2500 rpm cassiterite 
recovery continues to remain at 100$. The rougher concen­
trate grade increases between 700 rpm and 1400 rpm. Above 
1400 rpm the grade decreases. It is thought that the 
decrease in rougher concentrate grade is due to the produc­
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Pigure 29. Selective extraction of -5n +l|i cassiterite















Figure 30. Percent weight and quartz distribution in the
rougher and cleaner concentrates as a function
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Figure 31* Selective extraction of -5p>+lp. cassiterite
from -7u quartz as a function of rpm with
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Figure 32. Quartz distribution and percent weight jof the 
rougher and cleaner.concentrates as a function 
of rpm with 2 x 10“® M dodecylsulfate at pH 2.
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likely to entrain more quartz in the emulsion. The physical 
entrainment of quartz in the emulsion is reflected in higher 
quartz recoveries at the higher rpms, as is shown in Figure 
32.
The cassiterite distribution curve in Figure 31 for 
the cleaner concentrate closely parallels that of the rough­
er concentrate, though some cassiterite losses are observed. 
However, the cleaner concentrate grade is significantly 
increased throughout the entire rpm range studied. The 
optimum impeller speed, with respect to cassiterite recovery 
and concentrate grade, appears to be between 2200 rpm and 
2600 rpm.
Cassiterite Recovery and Concentrate Grade vs.
Feed Grade
The grade of the feed was varied between 5% cassi­
terite and 100$ cassiterite, while the total percent solids 
was kept at 1$. Minus 5m> +l(-t cassiterite and -7l-t quartz 
were conditioned at 2500 rpm with 2 x 10"^ M sodium dode­
cylsulfate at pH 2. The distribution of the cassiterite in 
the rougher concentrate decreases gradually as the feed grade 
is increased. A similar trend is observed for the cleaner 
concentrate, except that above a feed grade of 75# cassiter­
ite there is an increase in cleaner recovery. The rougher 
and cleaner concentrate grades increase, as would be expected, 
as the feed grade is increased. The results of these tests 
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Figure 33* Distribution of cassiterite in the rougher 
and cleaner concentrates as a function of 
feed grade with 2 x 10“° M dodecylsulfate 
conditioned at pH 2 in 1% solids.
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Figure 33a. Rougher and cleaner concentrate grade as a 
function of feed grade with 2 x 10^° M 
dodecylsulfate conditioned at pH 2 in 1% solids. 
(-5m- +1m- cassiterite, -7m- quartz)
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Cassiterite Recovery and Concentrate Grade vs.
Percent Solids
The effect of pulp density on cassiterite recovery 
and concentrate grade was studied at a constant feed grade 
of 10# cassiterite. Minus 5M> +ln cassiterite and -7p. quartz 
were conditioned at 2500 rpm with 2 x 10”^ M sodium dodecyl­
sulfate. Tests were run at pH 2 and pH 6 as the pulp density
was varied between 1# solids and 15# solids.
Results of tests at pH 2 are shown in Figures 34
and 36. There appears to be a linear decrease in the distri­
bution of cassiterite in the rougher and cleaner concentrates 
as the percent solids is increased. At 1# solids, 100# of 
the cassiterite is recovered in the rougher concentrate and 
98# is recovered in the cleaner concentrate, while at 15# 
solids, only 64# of the cassiterite is recovered in the 
rougher concentrate and 56# is recovered in the cleaner 
concentrate. The grades of both the rougher and cleaner 
concentrates also decrease as the percent solids is increased. 
From Figure 36 it can be seen that the distribution of quartz 
in both the rougher and cleaner concentrates increases as 
the pulp density is increased. Therefore, it is evident 
that the decrease in the concentrate grades is a result of 
the combined effect of a decreasing cassiterite recovery and 
an increasing quartz recovery as the pulp density is increased.
Results obtained when the pulps are conditioned at 
pH 6 are shown in Figures 35 and 37* The trends observed at 
this pH are similar to those seen at pH 2, except that the 
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Figure 34. Selective extraction of — 5m- +lp- cassiterite 
from -7m- quartz as a function of percent 
solids in the feed with 2 x 10~° M dodecyl­
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Figure 35* Selective extraction of -5|i +l|i cassiterite 
from -7p, quartz as a function of percent 
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Figure 36. Quartz distribution and percent weight of the 
rougher and cleaner concentrates as a function 
of initial percent solids in feed at pH 2.
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Figure 37* Quartz distribution and percent weight of the 
rougher and cleaner concentrates as a function 
of initial percent solids in feed at pH 6.
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The Effect of Product Recirculation and Retreatment Circuits
on Grade and Recovery
The effect of recirculating loads on the recovery of 
cassiterite and the grade of the final concentrate must be 
known before a process can be utilized on a commercial scale. 
In this series of tests the effect of recirculating loads and 
various retreatment circuits were investigated for pulps of
-5l* +l|i cassiterite and -13P* quartz conditioned at 1% solids
and 5# solids. Previous batch tests have shown that optimum 
recoveries and grades were obtained at a pH of 2. However, 
from an economic standpoint, operations at such a low pH 
may be prohibitive due to the expenses of large quantities 
of acid, acid resistant equipment and higher maintenance 
costs, resulting from additional wear and corrosion. There­
fore, the effect of recirculating loads on the recovery of 
cassiterite and on the concentrate grade was studied at a 
pH of 5*6, the unadjusted pH of the water.
Locked-Cvcle Test at 1% Solids
Tests have shown that 100% recovery of cassiterite
can be obtained in a rougher concentrate from a pulp condi-
-6tioned at pH 5*6 with a surfactant concentration of 2 x 10” M 
sodium dodecylsulfate. However, cassiterite recovery in the 
cleaner concentrate is considerably reduced, due to the 
instability of the cleaner emulsion at this low percent 
solids. Analysis has shown the cleaner tailing to assay 
about 13% cassiterite, representing 25-30% of the cassiterite
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in the feed. Obviously, if optimum recovery is to be 
achieved, the cleaner tailing must be recycled. The flow­
sheet and procedure for this test have been discussed 
previously, Figure 3* The test was run for six cycles, and 
from Figure 38, where the combined weight of the products 
(rougher tailing and cleaner concentrate) and the weight of 
new feed are plotted for each cycle, it is evident that 
steady-state is essentially reached after three cycles. The 
calculated weights of the cleaner tailing and rougher concen­
trate after each cycle are included in Figure 38.
The performance of the rougher after each cycle of 
the test is shown in Figure 39* Between Cycle 1 and Cycle ^ 
the recovery of cassiterite falls from 97# to 75#* Rougher 
performance is improved after Cycles 5 and 6, where cassi­
terite recovery is increased to 80#. After the first cycle, 
the recovery of cassiterite and quartz in the rougher essen­
tially parrallel the curve representing the percent weight 
of the rougher concentrate. It is evident, therefore, that 
the concentrate grade, which increases from 31# cassiterite 
after Cycle 2 to ^3# cassiterite after Cycle 6, is dependent 
upon the extent of recovery of both minerals in the concen­
trate .
The performance of the cleaner after each cycle of 
the test is shown in Figure k o . The recovery of cassiterite 
in the cleaner concentrate decreases dramatically from 75# 
after Cycle 1 to 26# after Cycle 6. The recovery of quartz 
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Figure 38. Weights of products after each cycle, of a 
locked-cycle test with an initial pulp 
density of 1% solids.
■ weight of cleaner concentrate
A  weight of cleaner tailing
• weight of rougher concentrate
□ weight of rougher tailing
& combined weight of rougher tailing and 
cleaner concentrate
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Figure 39* Percent recovery of cassiterite and quartz 
in the rougher and percent weight and grade 
(Sn02) of the rougher concentrate after each 
cycle of a locked-cycle test with an initial 
















Figure ^0. Percent recovery of cassiterite and quartz in 
the cleaner and percent weight and grade (Sn0«) 
of the cleaner concentrate after each cycle ox 
a locked-cycle test with an initial pulp density 
of 1% solids.
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recovery of quartz increases from 15# after Cycle 1 to 22# 
after Cycle 3* while the percent weight of the cleaner 
concentrate decreases from 10# after Cycle 1 to 6# after 
Cycle 5» after Cycle 6 the percent weight of the concentrate 
increases to 9#* One would expect the grade of the concen­
trate to steadily decrease as a result of these compounding 
factors. However, the grade of the rougher concentrate, 
which goes to cleaning, increases from 30# cassiterite to 
cassiterite and this, naturally, will affect the grade 
of the cleaner concentrate. Therefore, the grade of the 
cleaner concentrate, which decreases from 72# cassiterite 
after Cycle 1 to ^8# cassiterite after Cycle 3 and there­
after fluctuates slightly around 50# cassiterite, is a 
result of increasing quartz recovery, increasing rougher 
concentrate grade and decreasing cassiterite recovery.
Approximate steady-state values of the cleaner, 
estimated from these results, show the cleaner concentrate 
to contain 10# of the initial feed weight at a grade of 50# 
cassiterite, resulting in an overall cassiterite recovery 
of 50#. Therefore, it appears that the recirculation of the 
cleaner tailing in this circuit has deleterious effects on 
the grade of the concentrate and the recovery of cassiterite, 
and an alternative circuit must he devised.
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Cassiterite Extraction at 1$ Solids with Retreatment
of the Cleaner Tailing
The locked-cycle test at 1$ solids has shown that 
the recirculation of the cleaner tailing to the rougher 
has deleterious effects on grade and recovery, while pre­
vious batch tests at pH 6 have shown a considerable loss 
of cassiterite into the cleaner tailing. Therefore, an 
attempt to recover the cassiterite lost in the cleaner 
tailing was made by incorporating a retreatment stage.
The procedure and flowsheet for this test have been pre­
viously described, Figure 5» This circuit was investigated 
for a mixture of -5M- +lp> cassiterite and -13M- quartz condi­
tioned at pH 6. The results are presented in Table 2. A 
recovery of 97•2# is obtained in the rougher concentrate 
with an associated grade of 20$ cassiterite. During clean­
ing, 29$ of the tptal cassiterite is lost into the cleaner 
tailing. Retreatment recovers o f the cassiterite
contained in the cleaner tailing at a grade of 18.8$ 
cassiterite. An overall recovery of 81.3$ and a final grade 
of ^8.2$ cassiterite is obtained by combining the cleaner 
concentrate and the retreatment concentrate.
Attempts at upgrading the retreatment concentrate 
in a cleaner stage resulted in a very unstable emulsion due 
to the combined effect of pH and low percent solids. There­
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Locked-Cycle Test at 5$ Solids
Previous batch tests with %  solids at pH 5*8 have 
shown that only 80$ of the cassiterite in the feed was 
recovered in the rougher concentrate, though a high percent­
age of the cassiterite fed to the cleaner could be recovered 
in the cleaner concentrate. Therefore, a locked-cycle test 
at 5# solids was run, incorporating a scavenger in the cir­
cuit to recover the additional cassiterite contained in the 
rougher tailing. The flowsheet and procedure for this test 
have been presented previously, Figure 4.
This test was run for six cycles and, on a weight 
basis, it was found that steady-state is approached after 
three cycles. Figure 41 shows the combined weight of the 
scavenger tailing, the cleaner tailing and the cleaner con­
centrate leaving the circuit after each cycle in relation 
to the weight of new feed added at the beginning of each 
cycle as the system approaches steady state. The calculated 
weights of the scavenger concentrate, rougher concentrate 
and rougher tailing after each cycle are included in Figure 
41.
The performance of the rougher concentrate is shown 
in Figure 42. The recovery of cassiterite decreases from 
64$ after Cycle 1 to 45$ after Cycle 6, and the recovery of 
quartz increases from 22$ to 30% between Cycles 1 and 4, 
then decreases to 21$ between Cycles 4 and 6. Again, the 
percent weight of the rougher concentrate closely parallels 
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Figure *H. Weights of products after each cycle of a 
locked-cycle test with an initial pulp 
density of 5# solids.
■W weight of cleaner concentrate 
A weight of cleaner tailing 
• weight of rougher concentrate 
□ weight of rougher tailing 
O weight of scavenger concentrate 
© weight of scavenger tailing 
A combined weight of cleaner concentrate, 
cleaner tailing and scavenger tailing 
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Figure ^2. Percent recovery of cassiterite and quartz in 
the rougher and percent weight and grade (Sn02) 
of rougher concentrate after each cycle of a 
locked-cycle test with an initial pulp of 
solids.
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the grade of the scavenger concentrate, which is fed to the 
rougher, steadily increases from 20# cassiterite to 3^% 
cassiterite. The combined effect of all of these factors 
results in a rougher grade that varies slightly between 22# 
and 24# cassiterite throughout the test.
Figure 43 shows the performance of the cleaner after 
each cycle. Very close to 100# of the cassiterite is recov­
ered throughout this test, while the recovery of quartz 
increases from 22# after Cycle 1 to 40# after Cycle 2. The 
concentrate grade drops from 59% cassiterite to 48# cassiter­
ite between Cycles 1 and 6. Because the feed grade to the 
cleaner is essentially constant, it is apparent that the 
decreasing concentrate grade is due to the increasing recov­
ery of quartz throughout the test.
Recovery of cassiterite in the scavenger increases 
from 95% "to 100# between Cycles 1 and 2 and remains very close 
to 100# throughout the remainder of the test. The recovery of 
quartz fluctuates between 22# and 25# between Cycles 2 and 6, 
while the grade of the scavenger increases from 20# cassiterite 
to 34# cassiterite throughout the test. These results are 
shown in Figure 44.
Approximate steady-state values show that the cleaner 
concentrate recovers about 20# of the initial feed weight at 
a grade of about 45%> cassiterite, which corresponds to cassi­
terite recovery close to 100#. It is evident from this test 
that the incorporation of the scavenger circuit effectively 
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Figure *K3. Percent recovery of cassiterite and quartz in 
the cleaner and percent weight and grade (Sn02) 
of the cleaner concentrate after each cycle 
of a locked-cycle test with an initial pulp 
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Figure 44. Percent recovery of cassiterite and quartz in
the scavenger and percent weight and grade (Sn02) 
of the scavenger concentrate after each cycle 
of a locked-cycle test with an initial pulp of 
5% solids.
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but it is also apparent that the concentrate grade suffers 
as a result of recirculating the various streams. Therefore, 
a circuit that incorporates roughing, cleaning and scavenging 
stages without the recirculation of products was investigated.
Open Circuit Extraction of Cassiterite at 5$ Solids
Extraction tests at 5$ solids conditioned with 
2 x 10“6 M sodium dodecylsulfate at pH 2 and pH 6 have shown 
recoveries of cassiterite in the rougher concentrate of 90$ 
and 80$, respectively, Figures 34 and 35* When the rougher 
concentrate was cleaned during these tests, very little of 
the cassiterite was lost to the cleaner tailing, and the 
locked-cycle test showed the scavenger circuit to be very 
effective in recovering the remaining cassiterite from the 
rougher tailing. Considering these points, it was thought 
that a circuit utilizing both roughing and scavenging followed 
by repeated stages of cleaning, without the recirculation of 
cleaner tailings, might be effective In achieving high 
recovery and high grade. The procedure and flowsheet for 
this test have been previously described, Figure 6.
The results of extraction tests with a mixture of
-6-5u +lfi cassiterite and -13n quartz, conditioned with 2 x 10“ 
M sodium dodecylsulfate at pH 6, are shoton in Figure 45. The 
concentrate grades, as well as the stage recoveries, are 
plotted for both the rougher-cleaner and scavenger-cleaner 
circuits. The rougher concentrate is upgraded from 20.4$ 
cassiterite to 86$ cassiterite after five stages of cleaning 
and the scavenger concentrate is upgraded from 9$ cassiterite
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1 2 3 ^ 5
Figure ^5* Stage recovery of cassiterite and concentrate 
grades during repeated stages of cleaning with 
an initial feed of 10# cassiterite conditioned 
in a pulp oS 5# solids at pH 6, roughing with 
2 x 10-6 m dodecylsulfate, -5ji +1p. cassiterite, 
-13n quartz.
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to 55% cassiterite during four stages of cleaning. The 
performance of the rougher cleaners increases from 95% to 
99.4$ while the performance of the cleaners in the scavenger- 
cleaner circuit increases from 87% to 97%* The recovery- 
grade curves for both circuits are shown in Figures 4-6 and 
47, respectively. It is evident that a large increase in 
grade can be achieved with only minimal losses of,cassiterite 
to the cleaner tailings.
The final concentrate from this circuit is obtained 
by combining the concentrate from the rougher circuit with 
the concentrate from the scavenger circuit. In Table 3 all 
possible combinations of concentrates from the rougher and 
scavenger circuits are shown with their associated grades 
and overall cassiterite recoveries.
Conditioning the pulp at pH 2 results in higher 
cassiterite recoveries and higher initial concentrate grades 
than when conditioned at pH 6. The grades of the concentrate 
and the stage recoveries for the rougher circuit are shown in 
Figure 4>8. Because so much of the cassiterite was recovered 
in the rougher at this pH, very little was left to be recov­
ered in the scavenger. Therefore, due to the effect of 
reducing the percent cassiterite to the scavenger and the 
effect of pH, the resulting emulsion in the scavenger was 
very unstable and only one cleaning stage was attempted.
The scavenger, at this pH, was effective in recovering only 
4>1# of the cassiterite content of the rougher tailing with 
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Distribution of cassiterite in the rougher- 
cleaner circuit vs. cleaner concentrate grade 
for test with repeated cleaning run at pH 6 
and pH 2 with an initial pulp density of %  
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Figure ^8. Stage recovery of cassiterite and concentrate 
grade during repeated stages of cleaning with 
an initial feed of 10$ cassiterite conditioned 
in a pulp of 5% solids at pH 2. Roughing with 
2 x 10"® M dodecylsulfate, -5p. +1 cassiterite, 
-13*1 quartz.
2-1862 97
cleaner recovered 88# of the cassiterite in the scavenger 
concentrate with an associated grade of 19# cassiterite.
The recovery-grade curve in Figure k6 shows that again, the 
rougher concentrate can be upgraded considerably through 
repeated stages of cleaning, with only minimal losses to 
the cleaner tailing. All possible combinations of the 
concentrates from the rougher and scavenger circuits and 
the resulting final grades and recoveries are shown in Table 
I*.
Extraction of Cassiterite from a Bolivian Tin Ore
Having obtained quite favorable results with mix­
tures of pure cassiterite, -5m> +1^» and pure quartz, -13M-* 
the need to explore the benefits of the oil-phase system on 
an actual ore became apparent.
The ore used for this study contained pyrite, sider- 
ite and schist as the major gangue minerals. The sulphides 
were floated in a preliminary concentration procedure and 
the remaining non-float was classified in a hydraulic class­
ifier, the overflow was taken as the sample on which further 
oil-phase extraction studies would be conducted. The mineral 
surface was prepared by the leaching of impurities in hot 
hydrochloric acid, under reflux for about 15 hours, with 
fresh acid added every 3 hours (it is thought that sufficient 
cleaning of the mineral surfaces could be achieved with a 
considerably reduced acid residence time). The ore was then 
washed repeatedly with distilled water and then ground further
T-1862 98
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in a porcelain ball mill charged with zirconium balls. The 
resulting finely ground ore was not sized, but estimated to 
be in the -10ji range. The ore, thus prepared, assayed 1.3# 
cassiterite.
Extraction tests with this ore were run with a pulp 
of 5# solids conditioned at pH 2 (except at a dodecylsulfate 
concentration of 10”^ M, where 6# solids was used). Figure 
49 shows the distribution of cassiterite in the rougher and 
cleaner concentrates and the grade of both concentrates as 
a function of sodium dodecylsulfate concentration. As the 
surfactant concentration is increased from 2 x 10“^ M to 
10 ^ sM dodecylsulfate, the distribution of cassiterite in 
rougher concentrate increases from 8# to 56#. Virtually no 
upgrading is observed between 2 x 10”^ M and 10“^ M dodecyl- 
sulfate. At a concentration of 10 M dodecylsulfate, the 
rougher grade is increased to 3# cassiterite, and as the
_ 2lsurfactant concentration is increased to 10 M, a decrease
in grade to 2# cassiterite is observed. When the rougher
concentrate is subjected to a single stage of cleaning, some
cassiterite is lost to the cleaner tailing. Again, no up-
—6grading is achieved between 2 x 10” M and 10”9 M surfactant 
concentrations. At 10 M dodecylsulfate the cleaner concen­
trate is increased to 6# cassiterite, and at 10"^ M dodecyl­
sulfate the concentrate is increased from 2# to 4.5# cassi­
terite .
The relatively high recovery of cassiterite at 10”-̂ M
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Initial Concentration of Sodium Dodecylsulfate (M)
Figure ^9. Distribution and grade of cassiterite in the
rougher and cleaner concentrates as a function 
of the initial sodium dodecylsulfate concentra­
tion. Tests were conducted at pH 2 with a finely 
ground Bolivian tin ore pulped at 5$ solids, 
except at 10”3 m dodecylsulfate where 6% solids 
was used.
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ing the concentrate with repeated stages of cleaning in 
open circuit, which was successful with mixtures of pure 
cassiterite and pure quartz, was then investigated. The 
flowsheet for this test is similar to that shown in Figure 
6, where roughing and scavenging stages are employed, hut 
with only three cleaning stages following the rougher and 
the scavenger. After three stages of cleaning the rougher 
concentrate is upgraded from a head of 1.3% cassiterite to 
17*2# cassiterite while the scavenger concentrate is upgraded 
from .87# cassiterite to 7*0# cassiterite, as is shown in 
Figure 50* The performance of each stage in this test is 
shown in Figure 51* The increasing performance in the 
roughing-cleaning circuit is similar to the trend observed 
for mixtures of pure quartz and pure cassiterite. The drop 
in performance in the third cleaner may he due to a drop in 
the surfactant concentration below the level required to 
maintain the cassiterite in the emulsion. The drop in per­
formance of the second cleaner in the scavenger-cleaner 
circuit is unexplained.
The recovery-grade curve for both the rougher- 
cleaner and scavenger-cleaner circuits in this test are 
shown in Figure '52. The trend observed is very similar to 
that observed with mixtures of pure quartz and pure cassi­
terite, in that a considerable upgrading can be achieved 
with only minimal losses of cassiterite in the concentrate.
An important consideration of this circuit is what 
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Figure 51* Recovery of cassiterite from a. Bolivian tin ore at each stage of a roughing, scavenging and 
cleaning circuit. pH 2, roughing at 10-3 m 
dodecylsulfate, scavenging with an additional 
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Figure 50. Grade of concentrates in the rougher-cleaner
and scavenger-cleaner circuits after each stage 
for test run with a Bolivian tin ore at pH 2 and 
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Figure 52. Distribution of cassiterite from a Bolivian tin 
ore in the rougher-cleaner and scavenger-cleaner 
circuit concentrates vs. concentrate grade. 
pH 2, roughing with 10”3 m dodecylsulfate, sca­
venging with an additional 5 x 10“^ M dodecyl­
sulfate , 6% solids.
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be achieved by combining the concentrates from the rougher- 
cleaner circuit and the scavenger-cleaner circuit. Table 5 
shows all possible combinations. It is evident that com­
bining the two concentrates, after three stages of cleaning, 
offers a final product of 11 .4# cassiterite with 62.9# over­
all cassiterite recovery.
Results of Electrokinetic Measurements
The Effect of Sodium Dodecylsulfate on the Electro­
phoretic Mobility of Quartz
Zeta potential measurements were made on -7|i quartz, 
as a function of pH, for suspensions of 10 mg quartz in k$ 
ml of water. In order to determine the effect of sodium 
dodecylsulfate on quartz, a series of measurements were 
conducted with a standard aqueous concentration of 10 J M 
NaClO^ and then with concentrations of 2 x 10“^ M sodium 
dodecylsulfate in 10”3 M NaClO^ and 2 x 10“3 M sodium dode­
cylsulfate in 10‘3 M NaClO^.
The results of these measurements are shown in 
Figure 53* Measurement of the zpc of quartz could not be 
made due to high thermal overturn; however, extrapolation of 
the curve indicates the zpc of quartz to be at a pH of about 
1.5. It is evident from Figure 53 that sodium dodecylsulfate 
does not significantly affect the zeta potential of quartz, 
and from this it can be concluded that sodium dodecylsulfate 
is not adsorbed onto the surface of quartz in the pH range 
studied•
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%Sn02 % R %SnC>2 % R
fo
SnO2 % R SnO2 % R
S-Cleaner 
Cone.-3 2.6 78.5 5.1 67.6 9.0 67.2 11.4 62.9
S-Cleaner 
Cone.-2 2.4 82.3 4.1 71.3 6.1 70.9 6.8 66.7
S-Cleaner
Conc.-l 2.1 90.4 3.0 79.4 3.9 79.0 4.1 74.8
Scavenger









Table 5* Final product grades and percent cassiterite 
recoveries obtainable by various combinations 
of the rougher and scavenger concentrates, 
resulting from a finely ground Bolivian cassi­
terite ore treated in a pulp of 6$ solids 
conditioned at pH 2 and extracted with 10~3m 
dodecylsulfate in the rougher and an additional 
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Figure 53* Zeta potential of -7n quartz as a function of pH at an inorganic ion concentration of 10”3 m 
NaClOj, and organic ion concentrations of 2 x 10“ 
and 2 x lO-^ M sodium dodecylsulfate in 10“3 m 
NaClOH. Quartz suspension is 10 mg/^5 ml water.
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The Electrophoretic Mobility of Finely Divided
Isboctane Droplets Dispersed in an Aqueous Phase
The electrophoretic mobility of isooctane droplets, 
finely divided within an aqueous phase, was studied as a 
function of pH for inorganic electrolyte concentrations of 
10 J M and 10 M NaClO^ and for the organic electrolytes, 
sodium dodecylsulfate and p-tolylphosphonic acid at concen­
trations of 2 x 10"6 M and ?,5 x 10“^ M, respectively, in
10-3 M NaClO^.
Figure 5^ shows the zeta potential of isooctane
droplets dispersed in an aqueous phase with inorganic electro-
lyte concentrations of 10 J M and 10 M. At pH 2.8, with 
-A10 M NaClO^, the zeta potential of the oil-aqueous inter­
face is at the zpc, whereas, at an inorganic electrolyte 
concentration of 10’^ M NaClO^ the zpc is experienced at 
pH 4. At pH values below that of the zpc, the zeta potential 
is positive and as the pH is increased above the zpc, the 
zeta potential becomes increasingly more negative.
When zeta potential measurements of isooctane drop^ 
lets, dispersed in an aqueous phase with 7*5 x 10”^ M p-tolyl- 
phosphonic acid and 10“3 M NaClO^, are made as a function of 
pH, close agreement is obtained with the zeta potential 
measurements of the oil-aqueous interface in the presence of 
1<T3 M NaClO^, Figure 55* This indicates that p-tolylphos- 
phonic acid is not adsorbed at the oil-aqueous interface.
Included in Figure 55 are zeta potential measurements 
of the oil-aqueous interface when isooctane is dispersed in 
r
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Figure 5^* Zeta potential of isooctane droplets finely 
dispersed in an aqueous phase of 10“  ̂M and 
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Figure 55* Zeta potential of isooctane droplets with 10“^ M 
NaClOj, and with 2 x 10~6 M dodecylsulfate and. 
7.5 x 10“° M p-tolylphosphonic acid in 10“3 M NaClO^,
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an aqueous phase with 2 x 10"^ M sodium dodecylsulfate and 
1(T3 M NaClO^. The zeta potential is made much more nega­
tive due to the presence of dodecylsulfate, indicating that 
specific adsorption of dodecylsulfate ions does occur at 
the oil-aqueous interface. Due to high thermal overturn, 
the zpc in the presence of dodecylsulfate could not be 
measured. However, extrapolation of the curve in Figure 55 
indicates a zpc at a pH around 0.5*
T-1862




The chemical and physical nature of a mineral surface 
is of key importance when dealing with a mineral's potential 
flotability. The cleaved surfaces of both quartz and 
cassiterite will possess a potential when immersed in water 
and the pH of the water will determine the magnitude of the 
potential at these mineral surfaces. For example, the 
broken silicon -oxygen bonds at the quartz surface react 
with water molecules to form a surface silicic acid. The 
ionization of this surface silicic acid gives rise to the 
charge on the quartz surface, as is shown in the following 
reaction:
i i—  Si— OH «*—  Si—  O(-) + HI I
It is evident, therefore, that H and OH” are potential 
determining ions for quartz, since the pH of the solution 
controls the extent of surface ionization.
A similar situation exists at the cleaved cassiterite 
surface which can be depicted by the following illustration, 
showing the equilibrium between the charged cassiterite-
111
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aqueous interface as a function of pH. ^
^  I oh2+ ^  I ^  oh2+
Sn and at very low pH Sn




' I  V 0H
(1)
II *
X. I s °  \  I / O 'Sn and at very high pH Sn
/  I ""OH S '  \ ^0"
■(*).
At the zpc, the cassiterite surface may be represented by 
Structure 1 or Structures 2 and ^ in equal proportions.
Surfactant Adsorption
Adsorption of electrolytes at the charged oxide 
mineral surface is known to be due to reversible physical 
adsorption, resulting from the electrostatic attraction 
between the charged mineral surface and an oppositely 
charged ionic species. Because pH is potential determining 
for the oxide surfaces of quartz and cassiterite, it is 
essential to know, under a given set of operating conditions, 
at what pH the mineral surface is at the zero point of
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charge in order that an appropriately charged surfactant 
ion may be used.
Zeta potential measurements of the quartz surface 
were made as a function of pH, Figure 53* By extrapolation 
of the curve to zero potential, the pH of the zpc at the 
quartz surface can be estimated to be slightly less than 2. 
Above pH 2 the charge at the quartz surface is negative, 
whereas at a pH below 2 the surface charge is positive.
Figure 56 ^  shows the zeta potential of pure 
cassiterite as a function of pH. The curve depicting the 
zeta potential of cassiterite without surfactant shows that 
the pH at the zpc is 5*5* Therefore, at a pH above 5*5 the 
surface charge is negative and below pH 5*5 the surface 
charge is positive.
Throughout this investigation, anionic surfactants
were used and, as is evident from zeta potential measurements,
physical adsorption onto the cassiterite surface due to
coulombic attraction between the positively charged mineral
surface and the negatively charged surfactant is most likely
to occur throughout a pH range below 5«5* Figures 57 and 58,
where the adsorption density of p-tolylphosphonic acid, sodium
dodecylsulfate and sodium dodecylsulfonate on cassiterite are
19shown as a function of pH, verify this fact. 7 In all cases, 
very little adsorption takes place at pH values above 5*5* 
though as the pH is decreased below 5*5 the adsorption of 
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Figure 56. Zeta-potential of cassiterite as a function of 
pH in the presence of various concentrations 













Figure 58. Adsorption density of p-tolylphosphonic acid
on cassiterite as a function of pH, at 25 + /lq\
0.2 C, in 10"«% NaClO^ (cassiterite sample ?2).
M











Figure 57• Adsorption density of sodium dodecylsulfate 
and sodium dodecylsulfonate on cassiterite - 
as a function of pH, at 25 + 0.2 C, in 10“*^




When an anionic surfactant, such as sodium dodecyl­
sulfate, is added to the cassiterite—aqueous system at a pH 
below 5*5i it will become adsorbed into the stern layer 
with the effect of countering the surface charge and there­
by lowering the zeta potential of a mineral at a given pH.
The pH at which the mineral and its adsorbed counter ions 
are at the zero point of charge is also lowered. This 
phenomenon can be seen in Figure 56,^ where zeta potential 
measurements of cassiterite are made at incremental increases 
in dodecylsulfate concentration.
Referring again to Figure 53» where the zeta poten­
tial of quartz is plotted as a function of pH both with and 
without surfactant, it can be seen that the presence of the 
anionic surfactant has very little effect on the zeta poten­
tial of quartz. It is assumed from this result that very 
little adsorption*of dodecylsulfate onto the quartz surface 
takes place within the pH range studied.
The Isooctane-Aqueous Interface
Hydrocarbon oil droplets suspended in water and in
most aqueous electrolyte solutions have negative electro-
21phoretic mobilities. This net negative charge is explained 
in terms of negative adsorption of ions. Presumably, the 
cations are more hydrated than anions and so have a greater 
tendency to reside in the bulk aqueous medium. The results 
of electrophoretic measurements on isooctane droplets in the 
presence of 10"^ M NaClO^, Figure 5^> confirms the presence
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of a negative potential at the oil-aqueous interface 
throughout a pH range greater than 4. At pH 4 the oil- 
aqueous interface is at the zero point of charge and below 
pH 4 the interfacial potential is positive.
When a surfactant, such as sodium dodecylsulfate, is 
added to the system, it is found that the zeta potential 
becomes considerably more negative for a given pH. It is 
thought that the dodecylsulfate ion is adsorbed at the oil- 
aqueous interface with its polar group protruding into the 
aqueous phase, as is shown schematically below. At such a
Aqueous
Oil Polar Head
charged interface the powerful field close to the ionic head 
of the surfactant might orient a considerable number of water 
molecules, forming a hydration barrier which must be replaced 
if the oil droplets dispersed in the aqueous phase are to 
coalesce.
Mechanism of Extraction
After the mineral surface has been made hydrophobic 
by the adsorption of a suitable surfactant onto its surface,
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the mineral must be extracted onto the oil-aqueous interface. 
The mechanism by which extraction takes place must involve 
collision of the particles with the oil droplets and adhe­
sion of the particles to the oil droplets. Factors which 
are important in the extraction process include:
1. Electrostatic interaction between particles and the oil- 
aqueous interface.
2. Interaction between the oil droplets and the hydrocarbon 
chains of the organic electrolytes adsorbed on the 
particles. The extent of hydrophobic interaction is
a function of the hydrophobicity of the mineral surface, 
which in turn is a function of the amount of surfactant 
and the hydrocarbon chain length of the surfactant.
3« Coulombic repulsion between particles collected at the 
oil-aqueous interface.
k . Interaction between the hydrocarbon chain of the organic 
electrolytes adsorbed on the particles with that of 
other particles collected at the oil-water interface.
The higher the hydrophobicity, the greater the inter­
action.
5. The oil-aqueous interfacial area. The greater the 
interfacial area the greater the number of particles 
collected at the interface.
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Emulsion Stability
Probably the most important physical property of an 
emulsion, with respect to its use as an instrument for 
minerals separation, is its stability. It has been observed 
during this investigation and during the investigation con­
ducted by Yap,^ that the stability of the emulsion directly 
influences the recovery of particles in the emulsion.
If an emulsion is prepared by homogenizing two pure 
liquid components, phase separation will generally be rapid, 
especially if the concentration of the dispersed phase is 
high. Therefore, to prepare a reasonably stable emulsion, 
an emulsifying agent must be present. Included among the 
effective emulsifying agents ares
(1) surface active materials, and
(2) finely divided solids.
It is thought that the emulsifying agent functions 
to promote emulsion stability by forming an adsorbed film 
around the dispersed droplets, preventing flocculation and 
coalescence. The following factors, which depend upon the 
nature of the emulsifying agent, favor emulsion stability:
1. Low interfacial tension. The adsorption of surfactant 
at the oil-aqueous interface causes a lowering of inter­
facial energy, thus enhancing the stability of the large 
interfacial areas associated with emulsions.
2. A mechanically strong interfacial film. Finely 
divided solids, for which the contact angle is between
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0° and 180°, have a tendency to collect at the oil- 
aqueous interface where they impart a degree of stability 
to the emulsion.
3. Electrical double layer repulsions.
k . Small droplet size.
5. Relatively small volume of the dispersed phase.
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V. DISCUSSION OF RESULTS
Oil-Phase Extraction of Quartz
A discussion of the results obtained with pure 
quartz must consider the following facts about the system 
under study:
1. The charge at the quartz surface becomes increasingly 
less negative as the pH is decreased to 2. At a pH 
around 2 the surface potential is very small.
2. Zeta potential measurements of pure quartz with and 
without the anionic surfactant, dodecylsulfate, 
indicate that little or no surfactant is adsorbed at 
the quartz surface throughout the pH range studied.
3. In the absence of a surfactant, in a 10“^ M NaClO^ 
solution adjusted to pH the oil-aqueous interface 
is at the zpc. Above pH k the zeta potential becomes 
increasingly more negative and at a pH below the zeta 
potential is positive. When 7.5 x 10”^ M p-tolylphos- 
phonic acid is added to the system, the zeta potential 
of the oil-aqueous interface is not significantly
121
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affected. However, when 2 x 10“^ M dodecylsulfate is 
added, the zeta potential of the oil-aqueous interface 
becomes considerably more negative and does not reach 
the zpc within the pH range studied.
k. Finely divided solids function as an emulsifying agent 
in promoting emulsion stability.
When quartz is extracted without the aid of surfac­
tants at pH values <5* 5% the emulsion is observed to be so j 
unstable that two separate phases separate almost instantan­
eously. Above pH 5*5 the emulsion is conferred with a degree 
of stability, resulting in an increase in recovery. It is 
thought that this phenomenon is due to the electrostatic 
properties at the interface. Between pH 2 and pH ^ the oil- 
aqueous zeta potential is positive, Figure 5^> but relatively 
small. The quartz entrained at the oil-aqueous interface is 
negatively charged and increases in potential as the pH is 
increased. It is believed that the quartz particles attracted 
to the oppositely charged oil droplets, would decrease the 
net positive charge on the oil droplets, giving a slightly 
more unstable system. Instantaneous phase separation again 
occurs and the majority of the observed recovery is attributed 
to "washings." At a pH above ^ the oil droplets are negatively 
charged, as are the quartz particles. It is expected that the 
quartz entrained at the interface would increase the net 
negative charge enough to promote the observed emulsion 
stability.
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When 7,5 x 10"^ M p-tolylphosphonic acid is added, 
the recovery of quartz, as a function of pH at the oil- 
aqueous interface, follows a trend very similar to that 
observed when no surfactant is used. Again, the emulsion 
was observed to be very unstable between pH 2 and pH 5» 
resulting in very low recoveries for both the -13m- +7M- and 
-7u quartz. Above pH 5 -the emulsion is conferred with 
varying degrees of stability with a consequential increase 
in quartz recovery. Electrokinetic data show that the 
presence of 7,5 x 10“^ M p-tolylphosphonic acid has little 
or no effect on the zeta potential of the oil-aqueous 
interface, indicating that p-tolylphosphonic acid is not 
adsorbed at the oil-aqueous interface. It is evident that 
similar electrostatic attractive and repulsive forces 
between quartz particles and oil droplets are at work when 
no surfactant is Used and when 7*5 x 10 M p-tolylphosphonic 
acid is added. Therefore, the explanation for the results 
observed with p-tolylphosphonic acid is similar to that 
offered when no surfactant is added.
When sodium dodecylsulfate is used as a surfactant 
to extract quartz, it is again found that recovery is 
dependent upon the stability of the emulsion. When extrac­
tion studies with 2 x 10”^ M sodium dodecylsulfate are made 
as a function of pH, it is found that at pH 2 the emulsion 
is very unstable and phase separation is again instantaneous. 
At this pH the potential of the quartz surface is negative 
and close to zero, while the oil droplets, which selectively
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adsorb dodecylsulfate, are conferred with a negative poten­
tial. Even so, the system is observed to behave in the 
same manner as that without surfactant, giving an identical 
recovery.
In the region between pH 3 and pH 5* the emulsion 
becomes quite stable, resulting in a maximum recovery of 
both -7n quartz and -13 +7M- quartz, Figures 9 and 10, respec­
tively. Under these conditions, the negative potential of 
both the oil and the quartz surface become much greater.
It is thought that the negatively charged quartz particles 
entrained at the oil-aqueous interface will provide sufficient 
repulsive force to maintain oil droplet stability.
Increasing the pH above 7 results in a relatively 
unstable emulsion. At this pH the quartz obtains a highly 
negative surface potential and it is thought that, due to 
strong coulombic repulsive forces, the quartz particles are 
forced away from the oil-aqueous interface. A certain 
amount of entrainment must occur resulting in a similar 
stability and consequent recovery to the system without 
surfactant.
Extraction studies of -13M- +7n quartz at pH 5*6, as 
a function of initial sodium dodecylsulfate concentration, 
show a decrease in recovery from 23# to 16# as the dodecyl-
-7 _iisulfate concentration is increased from 5 x 10 f M to 10 M. 
At this pH the surface potential of the quartz particles is 
negative, as is the interfacial potential of the oil droplets. 
If it is assumed that more surfactant ions are adsorbed at the
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oil-aqueous interface as the concentration of dodecylsulfate 
is increased, then it follows that the oil-aqueous interfacial 
potential should increase as the initial concentration of 
dodecylsulfate is increased. It is,- therefore, thought that 
the observed decrease in recovery as the dodecylsulfate 
concentration is increased is due to the increasing repulsive 
forces between the quartz particles and the oil droplets, 
which would effectively decrease the number of quartz par­
ticles entrained in the emulsion. The emulsion was observed 
to be stable throughout the range of surfactant concentrations 
studied. Extraction studies at pH 2 show that the recovery 
of quartz is essentially independent of the initial sodium 
dodecylsulfate concentration. Instantaneous phase separation 
is always observed with the resultant constant recovery.
Extraction studies with 2 x 10”  ̂M sodium dodecyl- 
sulfonate as a function of pH, as well as studies at pH 2 
and pH 5*6 as a function of sodium dodecylsulfonate concen­
tration, show similar trends to those results obtained with 
sodium dodecylsulfate. It is assumed that the adsorption 
behavior of sodium dodecylsulfonate at the oil-aqueous inter­
face and at the quartz surface are similar to that found for 
sodium dodecylsulfate and, as such, the same mechanism of 
extraction is proposed when either sodium dodecylsulfate or 
sodium dodecylsulfonate is employed as a surfactant.
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Oil Phase Extraction of Cassiterite
Cassiterite Extraction Without Surfactant
It has been found that the zpc of pure cassiterite 
in 10“3 M NaClO^ is at a pH of 5*5* Below pH 5*5 the cassi­
terite surface potential is positive, and above pH 5*5 the 
surface potential is negative. As has been previously 
mentioned, the zpc of the oil-aqueous interface in 10 ^ M 
NaClO^ is at pH 4.
A qualitative discussion of the extraction results 
shown in Figures 15 and 16 must include the effect of electro­
static interactions between oil droplets and cassiterite 
particles. At pH 2 the oil droplets, as well as the cassi­
terite particles that are maintained at the oil-aqueous 
interface, are positively charged. It is believed that the 
repulsive forces between charged oil droplets and cassiterite 
particles is responsible for the emulsion stability observed 
at this pH. As the pH is increased from 2 to the stability 
of the emulsion decreases, possibly due to a steadily decreas­
ing potential at the oil-aqueous interface and at the cassi­
terite surface. At pH where the oil-aqueous interface is 
at the zpc, repulsive forces become very weak and there is a 
minimum stability. As the pH is increased above 4 to 6, the 
oil-aqueous interface obtains an increasingly negative poten­
tial while the cassiterite surface approaches a zero point of 
charge. A maximum stability was observed at pH 6 and is 
thought to be due to the negative interfacial potential of 
the oil while the cassiterite is uncharged. Increasing the
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pH above 6 results in a dramatic decrease in emulsion sta­
bility. This may be due to the cassiterite-cassiterite and 
cassiterite-oil droplet repulsive forces resulting in the 
cassiterite particles being displaced from the oil-aqueous 
interface, culminating in a coalescence of the oil droplets 
and a decrease in cassiterite recovery.
Cassiterite Extraction With Surfactant
The recovery of cassiterite at the oil-aqueous inter­
face, with the aid of a surfactant, is again dependent upon 
the stability of the emulsion, but the situation is much 
more complex. It is believed that emulsion stability in 
this system is determined by a competition between the elec­
trostatic attractive and repulsive forces at the interface, 
and the hydrophobicity of the solid surface and its effect 
on the oil-aqueous interface. As is shown below, the hydro­
carbon adsorbed on the particles collected at the oil-aqueous 
interface may interact with adjacent oil droplets.
Oil
Aqueous
The extent of this interaction depends on the fraction of the 
oil-water interface covered by particles, the fraction of the 
oil-aqueous interface covered by surfactant, the hydration 
barrier, the hydrophobicity and the zeta potential of the 
particles.
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Iri general, it can be said, when the hydrophobicity 
of the particles is increased due to an increase in organic 
electrolyte concentration or decrease in pH, there is compe­
tition between stronger adhesive forces between the particles 
and the oil droplets, tending to increase recovery, and an 
increase in coalescence rate which tends to decrease recovery.
Extraction tests of -5m- +l|i cassiterite, as a function 
of dodecylsulfate concentration, showed very similar results 
as those obtained by Yap,1^ Figure 17. Yap has proposed 
that the recovery curve may be divided into four separate 
regions.
Region I. As the dodecylsulfate concentration is 
raised between 10~^ M and 7*5 x 10”^ M, the recovery 
•increases and the oil drop size decreases.
Region II. The recovery decreases and the coales­
cence rate increases as the concentration of surfactant is
-6increased from 7*5 x 10 M to 2 x 10 J M.
Region III. As the concentration is increased
-< -Ufrom 2 x 10 M to 2 x 10 M dodecylsulfate, the recovery
increases and the coalescence rate increases.
Region IV. At dodecylsulfate concentrations greater 
-IIthan 5 x 10 M the recovery decreases due to the formation 
of oil-cassiterite agglomerates, which sink to the bottom 
of the separatory funnel.
Yap goes on to propose a possible qualitative expla­
nation. In Region I, the solid has a positive charge, result­
ing in an electrostatic attraction between the particles and
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the oil droplets. As the concentration of the sulfate 
increases, there is a gradual decrease in the zeta potential 
of the particles, while at the same time the charge density 
at the oil-aqueous interface increases. This may result in 
an increase in the electrostatic attraction between particles 
and oil droplets. In this region the hydrophobicity of the 
cassiterite particles is still low and the effect of electro­
static repulsion at the oil-aqueous interface in stabilizing 
the oil droplets seems to be more important than the effect 
of hydrophobicity on stabilizing the oil droplets. The 
increase in particle-droplet electrostatic attraction, along 
with the increase in hydrophobicity, results in an increase 
in recovery as the concentration of dodecylsulfate increases.
In Region II, the cassiterite particles may reach a 
zero point of charge with a concurrent decrease in electro­
static attraction-between the cassiterite particles and the 
oil droplets. However, the hydrophobicity of the cassiterite 
particles continues to increase through Region II. It was 
observed by Yap that during draining, some of the cassiterite 
falls back to the aqueous phase due to the coalescence of the 
oil droplets. She observed that the increase in coalescence 
rate is apparently due to significant increases in the hydro­
phobicity of the particles.
In Region III, the zeta potential of the particles 
may be reversed and, thus, may be the same sign as the oil 
droplets. This would normally cause the extraction recovery 
to decrease. However, the hydrophobicity of the particles
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continues to increase, which is apparently responsible for 
the increase in recovery. The increase in hydrophobicity 
increases the coalescence rate, but at the same time increases 
the hydrophobic interaction between particles, resulting in 
a stronger attachment with fewer particles falling through 
the aqueous phase during draining.
In Region IV, the hydrophobicity of the particles is 
very high and large cassiterite agglomerates are formed which 
sink to the bottom of the separatory funnel.
A similar explanation can be offered for the effect0
of pH seen in Figures 18 and 19» in that there is a correla­
tion between the size or stability of the oil droplets and 
the recovery. The size or the coalescence rate of the oil 
droplets increases as the pH decreases. The decrease in 
recovery at pH values below the zpc is mostly due to the 
falling of cassiterite into the aqueous phase during draining. 
At a concentration of 5 x 10”^ M dodecylsulfate there is no 
observable difference in drop size in the pH range 2 < pH < k.
For p-tolylphosphonic acid the recovery curve shown
in Figure 20 is similar to that shown in Figure 15 for cassi-
19terite in the absence of surfactant. Yap 7 reported that the 
recovery was a function of the size or coalescence rate of 
the oil droplets in that the larger the droplets, the lower 
the recovery. A minimum recovery occurred when the oil drop­
lets were maximum, and the low recoveries at high pH values 
corresponded to insignificant adsorption of phosphonic acid 
even though the oil droplets were very fine in this region.
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The above data agrees well with the fact that Figure 
55 indicates no effect of 7*5 x 10”^ M p-tolylphosphonic acid 
on the zeta potential of the oil droplets. Thus, a minimum 
recovery occurs at the zpc of the oil, and the maximum 
recovery occurs at the zpc of the cassiterite. The increase 
in recovery in the presence of the surfactant is due solely 
to its adsorption onto cassiterite since there is no evidence 
of adsorption onto the oil. Above the zpc of the cassiterite 
the two curves coincide in the same region where there is 
little or no adsorption onto cassiterite. It is also observed 
that the emulsion in the region above the zpc of cassiterite 
is very fine in both cases.
Selective Extraction of Cassiterite from Quartz
From adsorption isotherms of dodecylsulfate and dode-
19cylsulfate on cassiterite, Figure 57» and from zeta potential 
measurements of quartz and cassiterite* Figures 53 and 56, it 
became apparent that these anionic surfactants could be 
selectively adsorbed onto the cassiterite surface in prefer­
ence to quartz if the appropriate conditions were applied. It 
was therefore anticipated that cassiterite could be effectively 
extracted from a cassiterite-quartz mixture, which indeed 
proved to be the case.
Selective Cassiterite Extraction as a Function of
Surfactant Concentration
Cassiterite was selectively extracted from a mixture
of quartz and cassiterite as a function of dodecylsulfate
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concentration at both pH 2 and pH 3> Figures 23 and 24.
Regarding these results, several points are worthy of
further discussion.
At pH 2, a relatively high concentrate grade, close
to 65# cassiterite is obtained between the surfactant concen-
—7 —6trations 5 x 10“' M and 2 x 10” M dodecylsulfate, whereas 
at pH 3» a relatively low grade of about 23# cassiterite is 
obtained between these concentrations. This result may be 
due to a greater adsorption of surfactant at the cassiterite j 
surface at pH 2 than at pH 3* resulting in a more highly 
hydrophobic surface. As has been mentioned, the greater the 
hydrophobicity of the mineral surface, the greater the 
tendency to promote the coalescence of individual oil drop­
lets, producing an unstable emulsion free of entrained 
quartz. At pH 3» with dodecylsulfate concentration above 
2 x 10“6 M, adsorption at the cassiterite surface increases, 
thereby increasing the hydrophobicity and emulsion insta­
bility. The result is a sudden rise in concentrate grade as 
the entrained quartz is.removed to the aqueous phase.
In regard to the onset of phase IV, as proposed by 
Yap,^ where the cassiterite tends to form dense globules 
and fall through the aqueous phase, there is a significant 
correlation between the amount of solids present and the 
surfactant concentration at the onset of phase IV. Previous 
tests with one gram samples of pure cassiterite have shown
the onset of phase IV to occur at a dodecylsulfate concen-
-4tration of 2 x 10 M. During the selective extraction studies,
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where 0.1 grams of cassiterite were used, the onset of phase 
IV was observed at a concentration of 2 x 10“-* M dodecylsul­
fate .
At an initial pulp density of 1$ solids, the recovery 
of cassiterite is not affected during the roughing stage, 
even though the emulsion becomes unstable under certain 
operating conditions. It is observed that the cassiterite 
tends to form a loosely bound tissue that floats at the 
oil-water interface after the two phases have completely 
separated.
Effect of pH on the Selective Extraction of
Cassiterite
The results of selective extraction tests as a 
function of pH without surfactant have been discussed pre­
viously in Chapter III. It should be noted that percent 
weight recovery, cassiterite and quartz recoveries all have 
the characteristic shape of the pure cassiterite curve.
A series of tests have been run with the anionic 
surfactants, p-tolylphosphonic acid, sodium dodecylsulfate 
and sodium dodecylsulfonate, as a function of pH. Dodecyl­
sulfate has been found to be the strongest collector for 
cassiterite, with 100$ recovery obtained*throughout the pH 
range studied. Recoveries with dodecylsulfonate ranged 
between 97$ and 99$ > while recoveries with p-tolylphosphonic 
acid varied between 90$ and 95$* At pH 2 the grade of the 
rougher concentrate obtained with these three surfactants 
is relatively high, between 50$ and 60$ Sn02 «
T-1862
In the presence of p-tolylphosphonic acid the grade 
of the concentrate tends to decrease as the pH is increased 
above 2, though not as markedly as is seen with either dode­
cylsulfate or dodecylsulfonate. It is thought that the 
effect of decreasing hydrophobicity at the cassiterite sur­
face as the pH is raised, with the concurrent increase in 
emulsion stability, is the major contributing factor.
It should be noted that the recovery curve of cassi­
terite does not have the same characteristic shape as that 
for pure cassiterite in the presence and absence of phos- 
phonic acid. The high grades at low pH are to be expected 
since phosphonic acid had no effect on pure quartz. However, 
the apparent enhancement in cassiterite recovery was not 
expected and is not understood at the present time.
When either dodecylsulfate or dodecylsulfonate is 
used as the surfactant, there is a marked decrease in rougher 
grade as the pH is increased from 2 to ^.5. It is thought 
that this decrease in grade is due to an increase in emulsion 
stability brought about by a decrease in the hydrophobicity 
of the cassiterite surface, complemented by a concurrent 
increase in the stability of quartz at the oil-aqueous inter­
face as the pH is raised. Increasing the pH above ^.5 tends 
to increase the grade of the rougher concentrate. It is 
thought that this effect may be due, as previously described, 
to an increase in the electrostatic repulsive forces at the 
oil-aqueous interface, resulting in a rejection of quartz 
from the emulsion. It is observed that the recovery of
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quartz from a cassiterite-quartz mixture in the presence of 
either dodecylsulfate of dodecylsulfonate follows very closely 
the trend observed for pure quartz.
Effect of Product Recirculation and Retreatment Circuits
1# Solids
A considerable upgrading of the rougher concentrate 
can be achieved by incorporation of a single cleaning stage, 
as is evident from Figures 27 and 29. It is noted that little 
cassiterite is lost during the cleaning stage at pH values 
less than 3» though above pH 3 a significant proportion of 
the cassiterite content is lost to the cleaner tailing.
This result would follow from the fact that the cleaning 
stage is performed without the aid of additional surfactant 
and that surfactant which is present is more likely to be 
adsorbed on the cassiterite surface at a lower pH than at a 
higher pH, offering a greater tendency for the cassiterite 
to remain at the oil-aqueous interface.
A special problem is involved when cleaning a rougher 
concentrate, resulting from an initial pulp density of 1# 
solids. As has been mentioned, the finely divided solids in 
the system are responsible for conferring the emulsion with 
much of its varying degrees of stability. When the rougher 
concentrate is cleaned, the pulp density is decreased to 
between 0.2# and 0.4# solids and as the pH is increased 
during the cleaning operation, the hydrophobicity of the 
cassiterite surface is decreased. Both of these factors
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contribute to an unstable emulsion. Due to the low hydro- 
phobic ity of the cassiterite particles during cleaning, they 
do not tend to remain at the oil-aqueous interface, as is 
the case with the more hydrophobic cassiterite particles 
during the roughing stage. It is thought that if the cassi­
terite surface was made more hydrophobic during the cleaning 
stage, less cassiterite would be lost to the cleaner tailing.
The results of the locked-cycle test have been dis­
cussed previously in Chapter III. It is worth summarizing 
the results of the locked-cycle tests compared to those that 
can be achieved in a single stage.
1# Solids - Locked-Cyele 1# Solids - 1 Stage*
Grades Recovery Grades Recovery
Product # Wt Sn02 Si02 Sn02 sio2 # Wt Sn02 Si02 Sn02 Si02
Cone 10 50 50 50 5 10 *70 30 *75 3
Tail 90 5 95 50 95 90 3 97 »25 97
Feed 100 10 90 100 100 100 10 90 100 100
* 1 stage of roughing and cleaning, i.e., discarding both 
rougher and cleaner tails.
Since most of the cassiterite losses are in the 
cleaner tailing at a grade close to the head grade, an 
attempt was made to retreat the cleaner tailing. With one 
stage of retreatment, a product was produced assaying *19# 
Sn02 » representing ah additional 13# recovery.
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The various grades and recoveries that can be pro­
duced are summarized below:
Stages # Grade # Recovery
Roughing 20 97
Rough + Clean 6 8 - 7 0  6 8 - 7 0
Rough + Clean + Retreat 48 81 - 83
It is seen that the third alternative affords roughly the 
same grade as the locked-cycle test, but at a much higher 
recovery.
5# Solids
Studies with initial pulp densities of 5% solids have 
made it possible to better determine the potential and limi­
tations of repeated cleaning stages. An initial feed of 5$ 
solids provides enough solid material in the rougher concen­
trate to maintain a stable cleaner emulsion. Referring to 
Figures 46 and 47, it can be seen that considerable upgrading 
can be achieved during each stage of cleaning with only 
minimal losses of cassiterite to the cleaner tailing.
The practical limit for upgrading cassiterite concen­
trates in this system appears to be about 86# cassiterite. 
This is evident by comparing Figures 45 And 48, where the 
results of repeated cleaning of the rougher concentrate at 
both pH 2 and pH 6 are shown. It is noted that at a concen­
trate grade of 86# cassiterite the two curves converge. It 
is possible that the quartz contained in the emulsion is 
present as individual grains entrained at the oil-aqueous
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interface and as cassiterite-quartz agglomerates electro­
statically bound together due to the opposing surface poten­
tials of the two minerals throughout the pH range studied. 
The cleaning stages are effective in removing the physically 
entrained quartz, but not the quartz contained in the 
cassiterite-quartz agglomerates.
The results of the locked-cycle test at 5# solids 
have been previously discussed in Chapter III. A comparison 
of the results of the locked-cycle test with the results of 
one stage of roughing and cleaning is presented in the 
table below.










Cone 20 40-^5 55-60 95-100 15 11 60 ko 82 5
Tail 80 <1 >99 __ m00inV 89 4 96 00 O
Feed 100 10 90 100 100 100 10 90 100 100
The tests done at 5# solids, in open circuit, with 
multiple cleaning stages involved, showed that a variety of 
grade-recovery figures could be obtained approaching a limit 
of *80$ recovery at 80$ grade for pH 6, and 90$ recovery at 
80$ grade for pH 2.
Extraction of Cassiterite from a Bolivian Tin Ore
The results of a very limited investigation into the 
behavior of a Bolivian tin ore have been presented. The
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trends observed were similar to those from the results on 
mixtures with a variety of grade-recovery combinations being 
produced. Considering that the investigation was limited, 
the results of 67$ recovery at 9# grade, or, 63# recovery 
at l l .k fo  grade, compare favorably with those of Zambrana, 
et al.20
26It is worth noting that Mirabal, working on the 
same ore could not achieve a significant upgrading of the 




The following conclusions can he made as a result of
the testwork done throughout this investigations
1. The zpc of pure quartz occurs at a pH around 1.5* Above
pH 1.5 the surface potential of quartz is negative, and 
below pH 1.5 the surface potential should be positive.
The anionic surfactant, sodium dodecylsulfate, is not 
adsorbed at the quartz surface within the pH range studied.
2. The zpc of isooctane droplets dispersed in an aqueous
phase with 10”-̂ M NaClO^ occurs at pH 4. In the pre- 
sence of 10 M NaClO^ the zpc. is shifted down to pH 2.8. 
The presence of sodium dodecylsulfate in the aqueous 
phase decidedly increases the negative potential of the 
oil-aqueous interface, indicating adsorption at the 
interface.
Size fractions of pure quartz less than 13|i in diameter 
are not effectively extracted at the oil-aqueous inter­
face with the anionic surfactants studied throughout the 
pH range and surfactant concentration range investigated. 
Concentrate grade is a function of pH and surfactant 
concentration and is determined to a large degree by the 
stability of the emulsion.
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5. Recirculating loads appear to have a deleterious effect
\
on cassiterite recovery and concentrate grade.
6. When sufficient solids are present to confer stability
to an emulsion, repeated stages of cleaning are effective 
in upgrading the concentrate with only minimal losses of 
cassiterite.
7. A limited investigation on a Bolivian tin ore shows a 
trend similar to that observed with the pure system, 
with respect to multiple stages of cleaning of rougher 
and scavenger concentrates.
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VII. RECOMMENDATIONS FOR FUTURE WORK
Emulsion stability has been found to affect the 
recovery of cassiterite and the grade of the concentrate..
The stability of the emulsion is, in turn, thought to be 
affected by the surface and interfacial potentials of 
the mineral particles and isooctane droplets. Because 
the concentration of sodium perchlorate has been shown 
to affect the zpc of the oil-aqueous interface, it is 
suggested that further work be directed at the effect of 
electrolyte concentration on the interfacial potentials 
of oil droplets and on emulsion stability. Extraction 
tests with quartz and cassiterite at different electro­
lyte concentrations may prove enlightening.
Certainly, much is to be gained by a more thorough 
investigation of the benefits of the oil-phase system on 
an actual ore. Such an investigation should include a 
detailed study of the mineralogy and mineralogical asso­
ciations of a given ore, as well as the specific effect of 
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